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Abstract 
Debris flows are one of the typical mountain hazards in the Qinghai Tibet Plateau, and they are also one of the most active and 
harmful hazards in the southeast of Tibet. Different from the formation mechanism of debris-flow hazard at low altitude, the 
debris flows in this alpine region are caused by the coupling of glacier movement, snow melting, and precipitation. To get the 
meteorological conditions in formation area of debris flows at the time of disaster occurrence, the daily temperature and 
precipitation in the areas near glacier tongues were obtained from the method of Anulspin and optimized TRMM data to analyze 
the influence of meteorological conditions on the formation of debris flows, and the ten mega debris flows that occurred after 
1980 in Guxiang, Peilong and Tianmo drainage basins in southeastern Tibet were selected as research samples. The results show 
that the values of climate extremes during the year and the month when most hazards occurred were obviously greater than at 
other times. In addition, we developed a hazards identification model                   (where   represents accumulated 
snow water equivalents in basin and   is the rise rate of accumulated temperature) through a combination of the accumulated 
snow water equivalents and the rise rate of accumulated temperature (> 0℃) in the areas near glacier tongues. The threshold of 
annual climate (       )for identifying the occurrence of mega debris-flow hazard was determined as 5.46. The threshold was 
also verified by three debris-flow events that occurred in other basins (Zhamu, Bianche and Jiaqinbu) in 2007. Moreover, in 
terms of meteorological condition before the debris flows, the cumulative precipitation and average temperature in the areas near 
glacier tongues prior to the first five mega debris flows occurence matched the formula                           (where      
is the cumulative precipitation and        is average temperature for 30 days), and all the values of        calculated from the 
subsequent five debris flows exceeded the threshold (155287), which means that the model was satisfactory for predicting the 
occurrence of mega debris flows in this region. 
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1. Introduction
Global warming has accelerated the melting of more accumulated snow and glaciers in the Tibetan Plateau
(Alexander et al., 2006; Yao et al., 2012; IPCC, 2013; Pepin et al., 2015). The increase in water from melting, a key 
triggering factor for debris-flow hazard in the area, reduces the shearing resistance of the material resulting in an 
increase in mobility, which greatly increases the potentiality of a variety of mountain hazards, including debris-flow 
hazard. Moraine deposits can easily be entrained into debris flows with the coupling effects of rainstorms, ice 
avalanches, glacier movement, and melt water, 
On global scale, there is a correlation between increases in global temperature and the scale and numbers of 
debris-flow events (Choi et al., 2009; Cui and Jia, 2015). On regional scale, debris-flow hazard can be related to the 
availability of glacier melt water and the topography of the area (Cui et al., 2010). Understanding debris-flow hazard 
processes in the region is important for the mitigation of geohazards in mountainous terrains, and for infrastructure 
development and protecting human lives and properties. The topic is also a frontier scientific issue for multiple 
hazard processes, as well as disaster forecasting in a complex environmental background. 
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In this paper, we studied the triggering conditions for ten mega debris flows that occurred after 1980 in Guxiang, 
Peilong and Tianmo drainage basins in the alpine region of southeastern Tibet (Fig.1). We analyzed these debris 
flows using long-time scale climatic data and meteorological conditions before the mega debris-flow occurrence.  
Fig. 1. Location of Peilong (a), Tianmo (b), Guxiang (c), Bianche (d), Zhamu (e), Jiaqinbu (f) drainage basins in southeastern Tibet 
2.Climate background for debris-flow occurrence
2.1 The method of principal components extraction from climate data 
Sixteen extreme temperature indices and five extreme precipitation indices, recommended by the Expert Team on 
Climate Change Detection and Indices (ETCCDI), were calculated, and the variation and abrupt characteristics of 
these indices in southeastern Tibet over the past 50 years were analyzed (Table 1). 
Because of the large number of extreme climate indices, which is not conducive to the overall analysis of regional 
climate change, the method of Principal Component Analysis (PCA) was used to reduce sixteen extreme temperature 
indices to three principal components (          using equation (1), also transformed five extreme precipitation 
indices to one principal component (Y) using equation (2). 
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0.12 0.01 0.21 0.11 0.21 0.06
0.24 0.30 0.03 0.68
Y X X X X X X
X X X X X X
X X X X
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3 1 2 3 4 5 6
7 8 9 10 11 12
13 14 15 16
0.09 0.02 0.08 0.16 0.20 0.11
0.23 0.31 0.35 0.50 0.15 0.38
0.06 0.42 0.02 0.18
Y X X X X X X
X X X X X X
X X X X
            
           
       
where    is the daily maximum temperature,   is the daily minimum temperature,    is the cold night 
frequency,    is the warm night frequency,    is the cold day frequency,    is the warm day frequency,   is the 
warmest night temperature,    is the coldest night temperature,    is the warmest day temperature,     is the 
coldest day temperature,     is the warm spell duration indicator,     is the ice days,     is the frost days,     is 
the summer days,     is the length of growing season,     is the diurnal temperature range. 
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 1 2 3 4 50.45 0.48 0.39 0.44 0.46Y X X X X X           (2) 
where    is the annual total precipitation from wet days,    is the very wet day precipitation(＞95th),    is the 
annual maximum 1-day precipitation,    is the annual maximum consecutive 5-day precipitation,    is the 
Number of heavy precipitation days(≧10mm). 
2.2 Analysis of extreme climate anomalies 
Table 1 shows that the abnormal state of annual climate extremes when ten mega debris flows occurred in 
southeastern Tibet. It can be seen that high annual temperature and high annual precipitation are conducive to the 
occurrence of mega glacial debris flows. 
At the monthly scale of climate, air temperatures showed a higher value when 90% of debris flows occurred 
(Table 2). 
Table 1. Abnormal state of annual climate extremes when debris flow occurred in southeastern Tibet ("+" indicates a 
high level, which means a higher value than the average in the past five years;”-” indicates a low level, which means 
a lower value than the average in the past five years) 
the year of hazard 
occurrence Extreme temperature Extreme precipitation 
Peilong 1983 + - 
Peilong 1984 + + 
Peilong 1985 - + 
Peilong 2007 + + 
Guxiang 2004 + + 
Guxiang 2005 + - 
Tianmo 2007 + + 
Tianmo 2010 + + 
Table 2. Abnormal state of monthly climate extremes when debris-flow hazard occurred in southeastern Tibet ("+" 
indicates a high level, which means a higher value than the average of the same month in the past five years;”-” 
indicates a low level, which means a lower value than the average of the same month in the past five years) 
the month of hazard 
occurrence Extreme temperature 
Peilong Jul-1983 + 
Peilong Aug-1984 - 
Peilong Jun-1985 + 
Peilong Sep-2007 + 
Guxiang Sep-2004 + 
Guxiang Jul-2005 + 
Guxiang Aug-2005 + 
Tianmo Sep-2007 + 
Tianmo Jul-2010 + 
Tianmo Sep-2010 + 
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3. Climatic characteristics prior to debris-flow occurrence
3.1 Determination of the key factors at annual scale 
The snow cover in Tibet reaches its peak in January every year, followed by snow melt through springtime. If 
temperatures rise quickly, snow melts rapidly. In addition, new snowfall during the springtime can add additional 
water to the basins and increase the probability of debris-flow hazard during the snow accumulation and melting 
processes. 
In order to accurately describe the coupling of climate and surface environment on the formation of debris flows, 
we studied five mega debris-flow events occurred after 2000 in three typical glacial debris-flow basins (Peilong, 
Guxiang and Tianmo, see in Fig.2) in southeastern Tibet. The daily temperature data in the areas near glacier 
tongues (glacier activity region, also debris-flow initiation region, see the areas shaded in light blue in Fig.2) was 
interpolated by the method of Anusplin (Hock, 2003; Hijmans et al., 2005; Hutchinson, 1991; Hutchinson and Xu, 
2013) to characterize the active state of glacier melting indirectly. In addition to glacial activity, snow melting also 
provides a great deal of water for triggering mega debris flows. We calculated the cumulative snow-water equivalent 
to describe the active state of snow melting in Tianmo, Guxiang and Peilong basins prior to the occurrence of debris 
flows from the MODIS snow products (Hall et al., 2002; Tekeli et al., 2005; Hall et al., 2006; Gafurov et al., 2009; 
Morriss et al., 2016) and the passive microwave remote sensing data-SSM/I (Derksen  et al., 1998; Che et al., 2004; 
Tong et al., 2010; Stigter et al., 2017). 
Fig. 2. Definition of glacier activity regions (areas shaded in light blue) in the debris-flow basins studied 
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Table 3. The rising rate of air temperature in ℃ during the year prior to debris-flow occurrence in Peilong, Guxiang 
and Tianmo basins shown in Fig.2 (the value of rising rate calculating explained in Fig.3) 
Time Rising rate prior to debris-flow occurrence 
Rising rate during the same 
period of no hazard occurrence 
Peilong Sep-2007 1.4379 1.6745 
Guxiang Sep-2004 1.5982 1.5564 
Guxiang Jul-2005 1.5366 1.6236 
Tianmo Sep-2007 1.5964 1.7285 
Tianmo Jul-2010 1.5103 1.6053 
Taking the Fig.3 as an example, the larger rising rate of cumulative temperature ( 0℃) in the areas near glacial 
tongues, and the faster melting rate of glacier. 
Fig. 3. Rising rate of accumulated temperature in the year prior to debris-flow occurrence (the black points represent the cumulative value of 
accumulated temperature from the first day in January to the time when hazard occurrence; the red line is the fitting trend of all black points.). 
The cumulative snow-water equivalent (Kodama et al., 1979; Gao et al., 2010; Alonsogonzález et al., 2018) from 
January to the time when hazards occurrence was calculated for the Guxiang, Tianmo and Peilong basins using 
equation (3), In addition, we defined the snow water equivalent (SWE) coefficient (the cumulative SWE was 
normalized by dividing newly accumulated snow volume by the area of each basin) in this paper, which eliminated 
the effect of area differences among different basins. 
              ∑        
      
    (3) 
where               is the total volume of newly accumulated snow,      is the number of newly 
accumulated snow days,      is the volume of newly accumulated snow per day. 
3.2 Analysis of the climate characteristics at annual scale 
An optimal threshold line (defined by equation 4) can be found by comparing the rising rate of accumulated 
temperature and the SWE, which effectively separates periods of debris-flow hazard and periods of no hazard. The 
threshold value is 5.46 (Fig.4a). 
                  (4) 
where         is the threshold determination model by annual climatic characteristics,   is SWE coefficient 
(normalized value of the cumulative SWE), and   is the rising rate of accumulated temperature in debris-flow 
initiation region. 
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Fig. 4. (a)The rising rate of accumulated temperature and SWE coefficient during the period of debris-flow hazard and the period of no debris-
flow hazard; (b) ‘vali’ means that we validate the model by the other three debris-flow basins (Zhamu, Bianche, Jiaqinbu, see Fig. 1.) during the 
period of debris-flow hazard and the period of no debris-flow hazard. 
The rising rate of accumulated temperature and the SWE coefficient when the debris-flow hazard occurred in 
Zhamu, Bianche and Jiaqinbu (Fig.1) in 2007 were calculated to validate the threshold model (Fig.4b), Results 
showed that the threshold line also effectively separates the model value in Zhamu, Bianche and Jiaqinbu basins 
during the period of debris-flow hazard and the period of no debris-flow hazard in terms of annual climatic change.  
4. Short-term meteorological characteristics prior to debris-flow occurrence
4.1 Extraction of daily temperature and precipitation for 30-day period prior to debris flows 
The formation of debris flows is influenced not only by the annual climatic characteristics, but also by the 
meteorological conditions in the 30-day period prior to the events. By using the method of Anusplin (Hock, 2003; 
Hijmans et al., 2005; Hutchinson, 1991; Hutchinson and Xu, 2013) and optimized TRMM data, the 30-day 
meteorological conditions (temperature and precipitation) prior to the ten mega debris flows occurrence in the 
Peilong, Guxiang, and Tianmo basins were estimated (Table 4). 
Table 4. 30-day temperature and precipitation prior to these ten debris flows 
The time of debris-
flow occurrence 
30-day average temperature prior to debris-
flow hazard (℃) 
30-day accumulated precipitation prior to debris-
flow hazard (mm) 
Peilong 
1983/7/28 13.36 99.24 
1984/8/23 11.76 132.45 
1985/6/18 10.02 193.70 
2007/9/4 12.83 97.77 
Guxiang 
2004/9/7 13.20 88.14 
2005/7/30 14.02 82.13 
2005/8/6 13.50 91.42 
Tianmo 
2007/9/4 13.09 93.40 
2010/7/25 14.31 108.23 
2010/9/4 13.11 103.37 
a b 
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4.2 Analysis of the meteorological characteristics at daily scale 
A threshold model was established by using the 30-day average temperature and accumulated rainfall of the five 
glacial debris flows with the earliest dates of occurrence (equation 5), and the value of threshold is 155287 (Fig.5a). 
The model results (      ) from the subsequent five debris-flow events were calculated, and the values were greater 
than 155287 (Fig.5b), which means that the model successfully predicted the occurrence of mega debris flows in the 
region. 
                   
      (5) 
where        is the threshold model determined by meteorological characteristics prior to hazards,       is the 
30-day accumulated rainfall in debris-flow initiation region prior to hazards.       is the 30-day average 
temperature in debris-flow initiation region prior to hazards . 
Fig. 5. (a) Meteorological conditions in the areas near glacier tongues in the 30 days prior to the first five mega debris flows; (b) validation of 
model using five subsequent debris flows 
5. Conclusion and discussion
This paper innovatively obtained the change of air temperature and precipitation in debris-flow initiation region
by using the method of Anusplin and optimized TRMM data, which were used to describe the climatic conditions 
conductive to the formation of debris-flow hazard from different time scales, and build the corresponding threshold 
models. Although we use redundant samples of debris-flow hazard to validate these models we built, and the results 
showed that the threshold line of model could effectively separates the model value in the validation sample debris-
flow basins (Zhamu, Bianche and Jiaqinbu) during the period of debris-flow hazard and the period of no debris-flow 
hazard.  
However, there are still some space to revise and upgrade the research conclusions in this paper: 
1) At present, we only use the changes of temperature and SWE to describe the active state of the glacier and
snow indirectly in debris-flow basins, and cannot quantify the water supplied from of glacier or snow melting, 
which is not conducive to set up a quantitative equation to describe the initiation process of debris-flow 
hazard.  
2) For getting the climatic condition conducive to trigger a mega debris-flow hazard, there are a small number
of mega glacial debris-flow samples in southeastern Tibet since 1980 we collected to reduce the impact of the 
strong earthquakes happened in Motuo in 1950 (M 8) on providing a lot of fresh loose materials for debris-
flow drainage basins. It is necessary to collect more samples of debris-flow hazard to validate or optimize the 
model in this paper. 
a b 
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Abstract 
Wildfire impacts on vegetation, soils, and resulting hydrologic processes often result in debris-flow activity in mountainous areas, 
particularly in response to intense rainfall events that follow. Rainfall thresholds for debris-flow initiation in burned areas have 
been studied in a variety of settings. It has been proposed that short duration, high-intensity rainfall events are responsible for 
debris-flow initiation in burned areas. The timing of these responses relative to rainfall intensity peaks is not well understood, 
leaving uncertainty regarding the duration of intense rainfall necessary to trigger debris flows, which is pertinent to debris-flow 
initiation thresholds and processes, as well as potential risk mitigations. This study evaluates timing of debris-flow initiation relative 
to various periods of rainfall intensity at a burned area in Colorado. Detailed local monitoring data from the first intense rainfall 
events following the 2010 Medano Fire are presented and provide insight into temporal correlations between rainfall intensity peaks 
and debris-flow initiation. Findings indicate that flow arrivals were within approximately 10 minutes after the beginning of periods 
of peak short duration rainfall intensity and as soon as 6 minutes after the first rainfall of a storm event was recorded, suggesting 
that short periods of intense rainfall were responsible for initiation. Tests for equality of variances and means indicated that rainfall 
intensity values of up to 1-hour duration differentiated between storms that triggered debris flows and those that did not, while 
average storm intensity did not distinguish between them. The return intervals of storms that triggered debris flows in the Medano 
Fire burned area burned areas evaluated was as low as 2 years; however, short-period rainfall intensity within the triggering storms 
were similar in magnitude and correlated temporally with debris flows.  
Keywords: debris-flow initiation; rainfall intensity-duration; wildfire burned area 
1. Introduction
Debris and sediment-laden flows are often observed in mountainous burned areas in response to rainstorms shortly
after wildfires. Their increase in frequency can be attributed to increases in runoff and erosion of material affected by 
the fire, which are most dramatic in the year or two following the fire (Cannon and Gartner, 2005). As vegetation 
recovers, and as the supply of ash and soil affected by the fire is eroded away, debris-flow activity generally decreases 
over time. Monitoring of rainfall and debris-flow activity in the initial years following a wildfire provides insight into 
the rainfall conditions and processes responsible for debris-flow initiation, as well as the recovery of the burned area 
and resulting decrease in debris-flow activity.  
The investigation discussed herein includes evaluation of rainfall conditions and debris-flow responses using 
instrumented monitoring data from a wildfire burned area in Colorado. Instrumentation was installed within the 
Medano Fire burned area for monitoring as part of a research investigation by the authors. 
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2. Background
2.1. Precedent for debris-flow initiation mechanisms in wildfire burned areas 
In basins burned by wildfire in the intermountain western US, debris flows and floods are often triggered by short-
duration convective thunderstorms (Cannon, 2001; Cannon et al., 2003; Cannon and Gartner, 2005; Cannon et al., 
2008). Wildfires change the infiltration characteristics and erodibility of soils through alteration of physical properties 
and enhancement of water repellency (Cipra et al., 2003; Parise and Cannon, 2011). Removal of vegetation and 
consumption of organic litter and duff by severe wildfire reduces rainfall interception and transpiration, exposes bare 
soil to raindrop impact, and reduces storage capacity. Effects of fire-induced changes include decreased infiltration, 
increased overland flow, runoff in channels, and movement of soil. These changes in hydrologic response are generally 
accompanied by a lowering of the intrinsic threshold of erosion (Moody and Martin, 2001; Schumm, 1973) that 
changes the geomorphic response of a burned watershed.  
The generation of debris flows can generally be attributed either to runoff and scour processes, or to slope failures 
that mobilize sediment to a channel (Cannon, 2001; Cannon et al., 2003; Parise and Cannon, 2011). Studies have 
shown that the majority of debris flows in burned areas are initiated by progressive bulking of storm runoff with eroded 
material, as opposed to slope failure (Cannon, 2001; Cannon et al., 2003; Santi et al., 2008). Santi et al. (2008) found 
that the majority of material in debris flows in burned areas in the intermountain western U.S. came from channel 
erosion and incision, with an average of only 3% from hillslope erosion. Cannon et al. (2003) found that debris flows 
in burned areas were initiated in incised channel reaches through excavation of stepped plunge pools that contribute 
episodic fluxes of sediment and concluded that this process appears necessary to entrain sufficient material in runoff 
to impart debris-flow characteristics. This process, referred to as progressive sediment bulking, involves the increase 
in sediment load and thus density of runoff by erosion and entrainment of soil and ash.  Flooding that occurs in response 
to intense rainfall and concentrated runoff leads to scour, sediment-laden flows, and debris flows when a supply of 
erodible material is available. The latter phase of sediment-laden flooding prior to debris-flow initiation is commonly 
referred to as hyper-concentrated flooding. In this paper hyper-concentrated and debris flows are considered to be part 
of the same process of progressive sediment bulking that generates debris flows. The timing of these hydrologic and 
geomorphic responses relative to rainfall intensity peaks is pertinent to the timing of debris-flow initiation by runoff 
and progressive sediment bulking. 
2.2. Medano Fire burned area 
The Medano Fire occurred in June and July of 2010, burning approximately 6000 acres, mainly within the Great 
Sand Dunes National Park and Preserve in south-central Colorado (Figure 1). The wildfire occurred almost entirely 
within the Medano Creek Watershed, on the west side of the northern Sangre de Cristo Mountain Range. Medano 
Creek flows from headwaters in at Medano Lake, on Mount Herard (4069 meters elevation), through a wide upper 
basin and into a narrow canyon between Mt. Herard to the north and Mt. Zwischen (3659 meters elevation) to the 
south. The creek emerges from the canyon, crosses over the range bounding Sangre de Cristo Fault, and runs between 
the range front and the Great Sand Dunes complex. The portions of the upper Medano Creek Watershed burned by the 
fire are underlain primarily by gneissic bedrock and igneous intrusions, along with various surficial deposits (Johnson 
et al., 1989). The large deposit of eolian sand at the Great Sand Dunes complex plays a role in the morphology and 
sediment transport processes of the Medano Creek Watershed. The prevailing westerly winds transport sand up into 
the watershed and over basin divides. The sand mantles the lee hillslopes of the watershed and collects in its drainage 
network, especially on the western end, near the dune complex. 
The Medano Fire occurred near the end of the summer rainfall season, and the low-intensity rainstorms that 
followed triggered few minor, ashy sediment-laden floods carrying primarily fine sand. The spring, summer, and fall 
of 2011 provided an ideal opportunity to monitor flood and debris-flow activity in response to the first intense storms 
since the fire. Beginning in July 2011, approximately one year after the fire, a series of short-duration and high-
intensity convective thunderstorms delivered rain to the watershed, triggering ashy, sandy sediment-laden floods, 
hyper-concentrated flows, and debris flows. 
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Fig.1. Map of the Medano Fire at Great Sand Dunes National Park and Preserve, Colorado (National Park Service, 2004; National Park Service, 
2009). 
3. Instrumented Debris-Flow Monitoring
This research includes instrumented monitoring and field mapping of geomorphic response to rainfall events in the
severely burned basins of Medano Creek Watershed. Analysis of rainfall characteristics and temporal correlation with 
pressure transducer records from nearby channels provided insight into the relationship of rainfall intensity to debris-
flow initiation by runoff. 
The purpose of the study was to integrate rainfall data, debris-flow and flood timing information, and observations 
of geomorphic response in order to characterize the rainfall conditions responsible for debris-flow initiation in the 
severely burned alpine basins of Medano Creek Watershed, as well as the timing of these flow events relative to rainfall 
intensity peaks. This data was used to define a rainfall intensity threshold for debris-flow response, and to compare 
the timing of peak rainfall intensity to that of sediment-laden- and debris-flow occurrence.   
3.1. Methods 
A variety of methods have been utilized for instrumented monitoring of debris flows over the last 30 or more years 
(Itakura et al., 2005; Arratano and Marchi, 2008). The pressure transducer has been successfully used as a low cost 
and reliable instrumented method to detect debris-flow occurrence (McCoy et al., 2011; Kean et al., 2011; Kean et al., 
2012). In this study, unvented pressure transducers and rain gauges were installed to measure the timing of hyper-
concentrated- and debris-flow responses relative to rainfall intensity peaks. Rain gages and pressure transducers 
installed in several low order tributary channels recorded the first major rainfall events of the summer following the 
fire and resulting runoff responses. Monitoring identified the relative timing of flows with respect to rainfall intensity 
peaks and allowed calculation of threshold rainfall intensity for debris-flow occurrence. Tributary basins were selected 
for instrumentation based on debris-flow hazard models (Friedman and Santi, 2014), mapping by Robert Kirkham, 
field observation of debris-flow deposits, and exposure of bedrock in which to install pressure transducers. Three 
basins were initially chosen for instrumentation based on these criteria, and a fourth basin later instrumented.  
3.2. Monitoring results 
Forty-seven individual storms were recorded in the instrumented basins during the monitoring period. Defining 
criteria for a storm event included a minimum of 0.5 mm rainfall and no more than one hour between rain gauge bucket 
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During two recorded storm events, on August 22 and August 28, the peak hourly rainfall intensity measured on the 
installed rain gauges exceeded 18.9 mm, the magnitude of the 2-year, 1-hour storm (Miller et al., 1973). During the 
August 28 storm event, the peak hourly rainfall was 26.0 mm, equal to the 5-year, 1-hour storm. These two storm 
events produced the greatest total rainfall and average rainfall intensity of any recorded storms.  
Based on field observations and monitoring records, flows occurred in basins 7, 24, 25, and 32 during the August 
22 storm, and in basins 7, 12, 15, 23, 24, and 25 during the August 28 storm. Pressure transducers captured flows in 
basins 24 and 32 during the August 22 storm event. However, data recorded on pressure transducers in basin 7 during 
the August 22 flow event and in basins 7 and 24 during the August 28 flow events was not retrieved before the data 
logger’s memory capacity was exceeded and the data overwritten. Figure 3 shows the relative timing of debris flows 
with respect to peak rainfall for the recorded events data. The precipitation data for the basin 32 flow is from the 
nearest rain gauge at that time, located in basin 16 approximately 1.2 km from the basin 32 pressure transducer, at a 
similar elevation. No rain gauge was installed in basin 32 at the time of the event on August 22. The precipitation data 
for the basin 24 flow is from the nearest rain gauge, in basin 24 approximately 30 meters from the pressure transducer. 
One additional flow occurred in basin 32, presumably during one of several storm events on July 11, 28, 29, or 
August 14; however, no pressure transducer data was recorded during this time period and a site visit was not made 
between the storm events to confirm the flow timing. Flows also occurred in basin 7, presumably during at least one 
other storm event on July 11 and/or July 29; however, the pressure transducer was lost in the flow event, thus no data 
was recovered, and a site visit was not made between the storm events to confirm the flow timing. No flows were 
observed or recorded in basin 16. 
Fig. 2. 10-minute, 15-minute, 30-minute, 1-hour, and average storm rainfall intensity (a, b, c, d, and e, respectively) plotted against duration for 
all storms recorded during the monitoring period and the subset of flow-triggering storms. (f) Relationship between peak 10-minute intensity and 
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Fig. 3. Pressure transducer level (a and b), cumulative rainfall (c and d), and instantaneous average intensity (e and f) versus time in basins 24 and 
16/32, respectively.  Red arrows indicate timing of flow arrivals at pressure transducers in basins 24 and 32.
4. Discussion
4.1. Rainfall intensity thresholds for debris-flow initiation 
Intensity of rainstorms recorded on rain gauges often varied between basins during the same event. In several of 
the July storms, significant rain events recorded on one gauge were not recorded at all on another gauge. This indicates 
that some intense storm cells that trigger debris flows in the study area are small enough to affect only portions of the 
Medano Creek watershed. Field observations and data suggest that many storms tend to be centered either over Mt. 
Zwischen to the south of Medano Creek or Mt. Herard to the north (Figure 1). However, the large storm on August 22 
had similar intensity and duration on all three rain gauges. The storm on August 28 had similar intensity on two of the 
rain gauges in basins 7 and 24, but much lower intensity in basin 32, in the upper elevations of the Medano Creek 
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The total rainfall amounts recorded during the largest storm events in the watershed, on August 22 and 28, were 
both 26.0 mm in basin 24, which recorded greater rainfall amounts than the other rain gauges in both events. The storm 
of August 22 had a total duration of 159 minutes, while that of the August 28 storm was 74 minutes. The maximum 
1-hour rainfall intensity within the August 28 storm was 25.6 mm/hr, roughly equal to the magnitude of the 5-year 
return interval, 1-hour storm for the area (Miller et al., 1973). Debris-flow responses in the vicinity of the basin 24 rain 
gauge included events in two basins during the August 22 storm and in four basins during the August 28 storm. Average 
rainfall intensity was greater during the August 28 storm than the August 22 storm, as were peak 1-hr, 30-min, 15-
min, 10-min, and instantaneous rainfall intensities (Table 1). The 1-hr peak rainfall intensity values for these two 
storms are between the magnitude of the 2- and 5-year return intervals for the area, while the 30-, 15-, and 10-min 
peak intensities for the storms are all approximately equal to or less than the 2-year return interval (Miller et al., 1973; 
Arkell and Richards, 1986). 


























8/22/12 159 9.8 20.2 28.8 36.0 39.6 72.0 
8/28/12 76 20.5 25.6 41.6 46.4 62.4 144.0 
Storm intensity-duration plots in Figure 2 suggest that short duration (10-minute to 1-hour) peak rainfall intensity 
values distinguish between storms with positive and negative debris-flow responses. Figure 2 shows significant overlap 
in average intensity values of storms that trigger debris flows and those that do not, while there is no overlap in the 
peak rainfall intensity values for any of the short period (10-minute to 1-hour) of measurement evaluated. Tests for 
equality of variances and means between sample sets of storms with positive and negative debris-flow response for 
logarithmic transformations of all measures of intensity indicated that average storm intensity is the only measure for 
which the two data sets are equal at α = 0.05. The lower right graph in Figure 2 shows the relationship between peak 
10-minute rainfall intensity and average storm intensity. It is apparent from this plot that less than half of the storms 
above a minimum threshold value of average storm intensity (8.9 mm/hr) triggered debris flows, whereas all of the 
storms above a minimum threshold value of peak 10-minute rainfall intensity (25.2 mm/hr) triggered debris flows. 
The differences in values of peak instantaneous rainfall intensity (defined as the amount of rainfall per bucket tip 
divided by the time between bucket tips) between storms with positive and negative debris-flow responses is much 
larger than that of any other intensity measure (Table 2). The magnitude of peak instantaneous rainfall intensity for 
storms that triggered debris flows ranged between approximately 72.0 mm/hr to 144.0 mm/hr, while the maximum 
instantaneous intensity of storms that did not trigger debris flows was approximately 40.0 mm/hr. 






















Minimum of Debris Flow Storms 9.1 16.8 20.4 26.4 31.2 72.0 
Maximum of No Debris Flow Storms 16.5 9.2 15.6 20.8 25.2 40.0 
Difference -7.4 7.6 4.8 5.6 6.0 32.0 
Based on the data collected for this study, we propose that short-duration peaks of intense rainfall within a storm 
event are responsible for triggering debris flows in this setting. While average rainfall intensity over the full duration 
of storm events has been correlated to debris flow initiation in past studies, we suggest that the average rainfall intensity 
489
Friedman / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 
for an entire storm does not accurately represent the critical threshold intensity for debris-flow initiation by runoff. 
Within a given debris flow triggering storm, substantial rainfall may occur after the debris flow initiates, which is 
figured into the average rainfall intensity of the event though it may not have contributed to debris-flow initiation. 
Recent work by Staley et al. (2017) also found that short duration (15-minute) peak intensity correlated strongly with 
debris flow occurrence. 
A rainfall intensity-duration threshold for Medano Creek Watershed in the first year following the Medano Fire is 
presented in Figure 4. Each storm event recorded is represented by data points for peak intensities of different durations 
within the storm. The Medano Fire threshold is similar to other published thresholds from Colorado burned and 
unburned areas (Cannon et al., 2008) at short durations (approximately 5 to 20 minutes). 
Fig. 4. Rainfall intensity-duration threshold for debris-flow initiation at the Medano Fire (red line) drawn between intensity values of storm 
events that triggered debris flows (above) and those that did not (below), calculated for various durations of rainfall within the storms.   
4.2. Timing of rainfall and debris flows 
Comparison of rainfall hydrographs with plots of pressure transducer recordings (Figure 3) from flow events during 
the August 22 storm, in basins 24 and 32, shows the relative timing of rainfall to flows for these basins. In basin 24, 
the storm began at approximately 4:16 pm, and the peak 10-minute intensity (39.6 mm/hr) period of the storm began 
at approximately 4:59 pm. Rainfall intensity peaked at approximately 5:05 pm, with an instantaneous value of 72.0 
mm/hr. A flow arrival was recorded near the bottom of the basin at approximately 5:10 pm, approximately 5 minutes 
after the peak instantaneous rainfall intensity. The flow was recorded near the end of the peak 10-minute rainfall 
intensity period of the storm, after 17.8 mm of total rainfall over the previous 54 minutes (19.8 mm/hr), of which 6.6 
mm had fallen during the 10 minutes prior to the arrival of the flow (39.6 mm/hr). 
In basin 16, rainfall began at approximately 4:12 pm on August 22 and the peak 10-minute intensity (40.8 mm/hr) 
period coincided with the start of the storm. Rainfall intensity peaked at approximately 4:15 pm, at an instantaneous 
value of 144.0 mm/hr. At approximately 4:18 pm, only 3 minutes after the peak instantaneous rainfall, a small flow 
arrival was recorded on the pressure transducer near the outlet of basin 32. The flow was initiated during the peak 10-
minute intensity period, after a total of approximately 5.2 mm of rainfall over the first 5 minutes of the storm (62.4 
mm/hr). The antecedent rainfall prior to the event was minimal (approximately 0.8 mm in the previous week) and a 
flow was recorded within 6 minutes after the start of the storm, suggesting that the flow occurred in direct response to 
this short period of high intensity rainfall. A smaller flow was recorded in basin 32 later in the storm, at approximately 
4:55 pm. This flow was recorded approximately 43 minutes into the storm, after a total of approximately 15 mm of 
rainfall (20.9 mm/hr), immediately following another peak in rainfall intensity during which approximately 3.0 mm 
of rain fell in within a 5-minute period (37.9 mm/hr). 
These examples support the concept that short periods (as little as 5 minutes) of high intensity rainfall are 
responsible for debris-flow initiation in severely burned areas, which agrees with findings of Kean et al. (2011), who 
found that the peak 5-minute intensity was the rainfall intensity measurement best cross-correlated temporally with 
peak flow stage in post wildfire floods and debris flows. 
I = 12.0 D -0.5
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5. Conclusions
 Hyper-concentrated flows and debris flows occurred in 7 tributary basins of Medano Creek Watershed (7, 12, 15,
23, 24, 25, and 32) in response to multiple storm events throughout July and August of 2011.
 Tipping bucket rain gauges and unvented pressure transducers were found to be a useful way to monitor rainfall
and associated hydrologic response in basins within the burned area of Medano Creek Watershed.
 Peak rainfall intensity values for periods of 10, 15, 30, and 60 minutes during storm events distinguish between
populations of positive and negative debris-flow responses, whereas average storm intensity values do not.
 Recorded flow initiations occurred within periods of peak 10-minute rainfall intensity, and correlate temporally
with peak 5-minute and instantaneous rainfall intensity values, occurring less than 6 minutes after onset of peaks.
 An intensity-duration threshold for debris-flow initiation in the Medano Fire burned area during 2011 was defined
as I = 12.0D-0.5, which is within the range of other published values for burned areas in the western U.S.
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Effects of terrain on temporal changes in susceptibility of debris 
flows and associated hydrogeomorphic processes after forest 
harvesting 
Fumitoshi Imaizumia 




Forest harvesting is one of the most common and significant land cover changes and largely affects hydrogeomorphic processes in 
mountainous areas. Many studies have reported the direct impacts of forest harvesting on the susceptibility of slopes to landslides 
and surface erosion. However, ambiguity still remains in the impacts of forest harvesting on the occurrence of debris flows in 
channel. The impact of forest harvesting on the susceptibility of torrents to debris flows and associated hydrogeomorphic processes 
was interpreted in the Sanko catchment, central Japan, where the forest management record dates back to 1912. In order to clarify 
the contribution of landslides on the initiation of debris flows, landslides were classified into three types based on the termination 
point of the landslide sediment. Effects of terrain on the susceptibility of debris flows coming directly from landslides and those 
caused by mass movement of channel deposits were analyzed separately using aerial photographs taken in nine different years. 
Impact of forest harvesting on debris-flow occurrence was greatest in forest stands that were clearcut 1 to 10 yr earlier, with 
progressively lesser impacts continuing up to 25 yr after harvesting. The frequency of debris flows, which came directly from 
landslides, showed a similar time variation to that of landslides. A higher ratio of landslides turned directly into debris flows in 
steeper channel sections than in gentler channel sections. Angle of the landslide-channel junction also affected the ratio of landslides 
turning into debris flows.  Debris flows caused by mass movement of channel deposits during high streamflow events also 
frequently occurred within 25 yr of clearcutting, possibly associated with active sediment supply from hillslopes by the landslide. 
Debris flows classified into this type were mostly initiated in channel sections steeper than 20°. Therefore, the effect of forest 
harvesting on debris flow susceptibility is variable depending on catchment terrain. Field monitoring showed that volume and 
spatial distribution of channel deposits, which affects bedload rate, depends on debris flow history in the catchment. Suspended 
sediment rate was also affected by debris flow and landslide history, because debris flows create sources of suspended sediment, 
such as bare areas along channel banks. Therefore, the impacts of debris flows on hydrogeomorphic processes after forest harvesting 
likely continue beyond the decline in debris flow and landslide frequency, due to changes to the sediment storage and sediment 
source by the occurrence of debris flows. 
 
Keywords: Forest harvesitng; Debris flow; Landslide  
1. Introduction 
The occurrence of debris flows, which cause severe sediment disasters all over the world, is controlled by sediment 
and water supply from hillslopes into channels (Bovis and Jakob, 1999; Imaizumi et al., 2017). Forest harvesting is 
one of the most common and significant land cover changes and largely affects hydrogeomorphic processes on 
mountain hillslopes (Ueno et al., 2015; Borrelli et al., 2017). Although many studies have reported the direct impacts 
of forest harvesting on the susceptibility of slopes to landslides and surface erosion (Imaizumi et al., 2008; Goetz et 
al., 2015), ambiguity still remains in the impacts of forest harvesting on the occurrence of debris flows (May, 2002; 
Jakob et al., 2005)  Increases in the landslide frequency on hillslopes affects debris flows originating directly from 
landslides (Imaizumi et al., 2007). Additionally, changes in the sediment and water supply caused by forest harvesting 
492
Imaizumi / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 
possibly alters the frequency of debris flows triggered by streamflow erosion of channel deposits. Understanding of 
the susceptibility of debris flows triggered by each mechanism after forest harvesting is important in reducing the risk 
of sediment disasters by the forest management.  
The predominant type of sediment transport process is highly affected by channel gradient. Debris flows are 
predominant in steep channel sections (e.g., >15 degrees), while bedload transport is predominant in gentler channel 
sections (VanDine, 1985; Imaizumi et al., 2007). Thus, increases in the sediment supply rate into channel networks 
does not simply increase debris-flow frequency in gentler channels. Impacts of forest harvesting on the occurrence of 
debris flows need to be evaluated under the consideration of catchment topography.   
Occurrence of debris flows does not only directly alter channel topography (e.g., Imaizumi et al., 2017), it also 
creates possible sediment sources for fluvial processes by erosion of channel banks and deposition of unstable sediment 
within the channel (Imaizumi et al., 2012). Therefore, the impact of a debris flow on hydrogeomorphic processes after 
forest harvesting possibly continue beyond the decline in debris flow and landslide frequency. 
The aim of this study is to clarify the effects of forest harvesting on the susceptibility of debris flows and associated 
hydrogeomorphic processes. Occurrence of debris flows and landslides were interpreted using aerial photographs for 
the Sanko catchment, central Japan, where forest harvesting and replanting have been conducted for over 100 years 
(Imaizumi et al., 2008; 2012). Effects of harvesting on the occurrence of debris flows were evaluated by analyses of 
the forest management history and the topography using GIS. Field surveys were also conducted to reveal the volume 
of sediment storage (i.e., channel deposits and landslide sediment in this study) in the basin and sediment transport 
activity by fluvial processes including bedload and suspended sediment transport. 
2. Study Site
The Sanko catchment is an 8.50 km2 basin which forms the headwaters of the Kanno River, a tributary of the
Kumano River, central Japan (Fig. 1). The area is underlain by the Cretaceous Shimanto belt comprised of sandstone 
and claystone. Sandstone dominates surface geology and is relatively homogeneous throughout the catchment. 
Elevation of the catchment ranges from 750 to 1372 m a.s.l. Despite the east of the catchment being slightly steeper 
than other portions, hillslope gradient is relatively homogeneous throughout the catchment with a mean of 34˚. Channel 
gradients are 1.5–5˚ in the main stream (Kanno River), and 5–35˚ in the tributaries. All channels in the subcatchments 
are deeply incised with narrow riparian areas (ranging from 5 to 10 m wide). Soil depth is shallow (typically ranging 
from 0.5 to 1.0 m) because of the steep terrain.  
Mean annual rainfall measured at Kyoto University’s Wakayama Forest Research Station located about 3 km west 
of Sanko catchment is 2500 mm (Imaizumi, 2008). Heavy rainfall events (i.e., total storm rainfall > 100 mm) occur 
during the Baiu rainfall front (June and July) and in the typhoon season (from late August to early October). Snowfall 
Fig. 1. Topographic map and stream network for the Sanko Catchment, Japan, with the location of the four surveyed sub-catchments shaded 
and labelled. 
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occurs at higher elevations within the catchment, but precipitation in winter (from December to February) is only about 
10% of total annual precipitation. Annual maximum snow depth is generally <20 cm, and snow usually melts within 
one week.  
About 95% of the Sanko catchment has been converted to industrial managed forest (largely Japanese cedar with 
minor amounts of Japanese cypress); the remainder is secondary broadleaf forests, forest roads, and log landings where 
debris flows and landslides were not interpreted in this study because of their different geographic positions. 
Clearcutting has been the only harvesting method used in the catchment, and replanting typically occurs one or two 
years after logging. In the Sanko catchment, forest records (harvesting and replanting) are available from 1912. 
Because timber harvesting is typically confined to within individual subcatchments, both the clearcutting and 
replanting periods are almost the same throughout each subcatchment (Imaizumi et al., 2008). Thus, changes in the 
frequency of debris flows related to forest age (and elapsed time after clearcutting and replanting) can be analyzed in 
the Sanko catchment. Since only skyline logging, which transports harvested logs by suspending them using a thick 
metal cable, was conducted, we expect that timber removal practices did not affect the occurrence of landslides. 
We monitored bedload and suspended sediment transport in four selected subcatchments (S5, S11, S12, and S17; 
Fig. 1) with different histories of forest harvesting and mass movements (Table 1) (Imaziumi et al., 2012). Drainage 
area of these subcatchments ranges from 3.2 to 7.1 ha. Mean channel gradient was similar amongst the four headwater 
channels (ranging from 24° to 29°). Several landslides were identified based on aerial photo observations and field 
surveys in each subcatchment. Catchments S5 and S12 experienced the most recent debris flows during a typhoon on 
June 21, 2004 (total precipitation 171 mm at the Gomadan observation station located at the south end of the Sanko 
catchment).  
Table 1. Topography, histories of mass movements, and sediment source in the four surveyed subcatchments (partly 







Monochrome aerial photographs for nine different years (1964, 1965, 1967, 1971, 1984, 1989, 1994, 1998, and
2003) and color aerial photographs for 1976 were used to assess the location of mass movements (i.e., debris flows, 
landslides) in the Sanko catchment. Mass movements were identified by stereo photograph pairs and mapped on 
1:5000 forest management maps. Most of the aerial photographs were taken in March (before the Baiu season), thus 
almost all of the mass movements (i.e., landslides and debris flows) identified by aerial-photo stereographs likely 
occurred prior to December of the previous year. Ne  occurred mass movements were identified by comparing 
successive aerial photographs. All mass movements on hillslopes, mainly characterized as shallow translational 
landslides, were designated as landslides and all in-channel mass movements were designated as debris flows. 
Landslides initiating from forest roads were excluded from assessment in this study in order to clarify the impact of 
clearcutting and subsequent forest regeneration on landslide occurrence. Channel reaches affected by debris flows 
were interpreted based on continuous loss of artificial trees along channels, because artificial trees are not planted in 
the riparian areas and are not by damaged by runoff events without debris flow. Landslides were classified into 3 
groups based on the descent of the landslide sediment: landslides terminating on hillslopes (Type A, Fig. 2a), landslides 
whose sediment immediately stops at the junction with a channel (Type B, Fig. 2b), and landslides which turned into 
debris flows (Type C, Fig. 2c). In addition to debris flows originating directly from landslides without termination of 
the sediment, debris flows triggered by erosion of landslide sediment, which was deposited during previous rainfall 
events, are included in Type C if the landslide and the debris flow occurred in the same photograph period. These two 
types of debris flows were grouped in this study because of the difficulty in classification of the two types based on 
aerial photographs.  Average channel gradient within 20 m below the landslide-channel junction of Types B and C 
landslides were calculated from a 5 m resolution DEM  which was constructed from airborne LiDAR data by 
Subcatchment Drainage area (ha) 
Year of last 
planting 




Volume of sediment 





S5 3.97 1973 2004 2  13 768 
S11 6.52 1970 1989 9 254 141 
S12 7.13 1988 2004 4 185  47 
S17 3.15 1915 Before 1964 2  28  6 
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Geospatial Information Authority, Japan. The angle between landslide and channel at the junction of Types B and C 
landslides were also measured on GIS (θ in Fig 2b).      
Fig. 2. Classification of landslides based on the descent of landslide sediment. Concept of the channel junction angle is illustrated as  in (b). 
Volumes of 11 landslide scars, including their initiation and transport zones, were measured in the field to develop 
an approximate volume–area relationship for landslides within the catchment (Imaizumi et al., 2008). This relationship 
was used to estimate the volume of all landslides from landslide area measured in GIS. Volume of landslide sediment 
reaching channels was estimated from the total volume of Type B and C landslides multiplied by the ratio of total 
landslide sediment that reached channels. The ratio of sediment reaching channels was obtained in the Miyagawa river 
basin, central Japan, which has similar topographic, geological, and climate conditions to the Sanko catchment 
(Imaizumi and Sidle, 2007). 
In the four selected subcatchments (S5, S11, S12, S17), we observed bedload transport rate in the period June 25 to 
September 26, 2005, by weighing sediment stored behind a weir at the lowermost part of each subcatchment (Imaizumi 
et al., 2012). We interpreted volume of detached sediment (hereafter sediment storage) stored across the four 
subcatchments. Length and width of individual sediment deposits (i.e., channel deposits and landslide sediment) were 
measured by tapes and stadia rods (Imaizumi and Sidle, 2012) in all four subcatchments. We also measured depth of 
deposits at many points (usually about ten points per individual deposit) by inserting a sharp metal rod to bedrock. 
Volume of individual deposits was obtained from the area of deposits multiplied by its average depth. Total volume 
of sediment deposits in each subcatchment was obtained from the total volume of all sediment deposits in the 
catchment. Interpretation of the sediment storage volume was conducted only at the beginning of the monitoring period 
under the assumption that the temporal changes in the storage volume are negligible, because volume of sediment loss 
by bedload transport was several orders lower than that in the storage volume (see next chapter). Size of the bare area, 
which is the area with exposed soil due to the removal of vegetation by recent debris flows, was also measured along 
the channels.  
4. Results
4.1. Debris-flow frequency after forest harvesting 
A total of 133 debris flows originated in the period 1964 to 2002, including 74 debris flows that were directly 
initiated by landslides and 59 debris flows that were caused by mobilization of channel deposits or bank failures. 
Frequency of debris flows initiated by landslides was greatest 1-5 yr after clearcutting and decreased with increasing 
forest age. The impact of forest harvesting continued up to 25 yr after forest harvesting. The frequency of landslides 
showed a similar time variation to those of debris flows originating directly from landslides. Temporal changes in the 
frequency of debris flows caused by the mass movement of channel deposits showed a similar trend to those initiated 








(a) (b) (c)Type A Type B Type C
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Fig. 3. Temporal changes in debris-flow and landslide frequency after clearcutting (modified from Imaizumi et al., 2008). (a) Debris-flow 
frequency. (b) Landslide frequency. 
4.2. Debris flows originating directly from landslides 
  Debris flows rarely occur from deposits of type A landslides because the amount of overland flow on hillslope 
(maximum of several millimeters) is likely not sufficient for the mobilization of deposits. In addition, not all of the 
landslides that reached channel networks turned into debris flows (Fig. 3). Ratio of landslides that turned into debris 
flows, which was obtained by the number of Type C landslides divided by the total number of Type B and C landslides 
(Fig. 2), was higher in steeper channels (Fig. 4). Only 25% of landslides turned into debris flows in the channel sections 
gentler than 20 , while 86% of landslides turned into debris flows in the channel sections steeper than 35 . Another 
important factor affecting the occurrence of debris flows originating directly from landslides is channel-junction angle 
of the landslide (Fig. 2b). A higher ratio of landslides turned into debris flows in the case of smaller channel-junction 
angles (Table 2). No landslides turned into debris flows in the case of channel-junctions > 90 . 
Table 2. Effect of channel junction angle on ratio of landslides 





Ratio of landslides that 
turned into debris flows 
0~45 100 0.68 
45~90 45 0.13 
90~ 8 0 
Fig. 4. Ratio of landslides that turned into debris flows in 
each channel gradient class. 
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4.3. Debris flows caused by mass movement of channel deposits 
Landslides on the hillslope do not only directly turn into debris flows, but also supply large volumes of sediment 
into channel networks. Volume of landslide sediment reaching channels, which is considered an important material 
for debris flows caused by the mass movement of deposits within the channel, was largest just after harvesting, with 
progressively lesser volume continuing up to 30 yr after harvesting (Fig. 5). Channel gradient is also an important 
factor controlling initiation points of debris flows caused by mass movement of channel deposits. Initiation points of 
fifty debris flows (91% in number) was in channel sections steeper than 20o, while only five debris flows initiated in 
channel sections gentler than 20o. 
Fig. 5. Temporal changes in the volume of landslide sediment reaching channel after forest harvesting. 
4.4. Impact of debris flows on fluvial processes in harvested areas 
Initiation of debris flows and landslides largely changes the volume of sediment storage, which is a potential source 
of future fluvial sediment transport, in the basin. Volume of sediment storage in catchment S5, in which a large part 
of the sediment storage had been discharged from the system by a debris flow in 2004, was lowest among the four 
surveyed subcatchments (Table 1). On the contrary, volume of sediment storage in S12 was much higher, despite a 
debris flow also occurring in the catchment at the same time as in S5. This is because the debris flow in S12 left a 
large volume of sediment within the system. Volume of sediment storage in catchment S11, within which nine 
landslides were identified, was highest among the four subcatchments.  
Debris flows also form bare areas, which are potential sources of suspended sediment, along channels. The size of 
the bare area in S5, in which a debris flow in 2004 severely eroded the channel bank, was the largest among the four 
subcatchments. 
Weight of bedload had a positive relationship with the volume of sediment storage in the subcatchments (Fig. 6). 
Weight of bedload was high (>3000 kg) in the subcatchments with a large volume of sediment storage (S11 and S12), 
and was significantly lower (<300 kg) in the subcatchments with a small volume of sediment storage (S5 and S17). 
Suspended sediment rate also varied among subcatchments (Imaizumi et al., 2012). Suspended sediment rate was 
highest in S5, in which wide bare areas were formed by debris flow erosion. 
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5. Discussion
Temporal changes in the frequency of debris flows showed a similar time variation to that of landslides (Fig. 3),
implying that frequency of landslides affects that of debris flows in the harvested area. Previous experimental and 
field-based studies showed that increases in landslide frequency after forest harvesting is highly affected by decreases 
in the root strength of harvested trees (Sidle, 1992; Imaizumi et al., 2008). Debris flows originating from landslides 
increased as the number of landslides reaching channels increased (Fig. 3a). In addition to increases in the number of 
debris flows originating directly from the landslide without termination of the sediment, increases in the number of 
debris flows triggered by erosion of in-channel landslide sediment, which was deposited during previous rainfall events, 
possibly affected increases in this debris-flow type.   Ratio of landslides that turned into debris flows was small in 
gentle channel sections (< 15 ; Fig. 4). This agrees with previous studies that debris-flow initiation zones are generally 
located in steep channel sections (VanDine, 1985; Imaizumi et al., 2017). Another factor affecting initiation of the 
debris flow originating directly from a landslide is the angle at landslide-channel junction; ratio of landslides directly 
turning into debris flows is smaller if the angle is larger (Table 2). Benda (1990) also reported that many debris flows 
terminate at channel junctions with a large angle. 
Water and sediment supply are needed for the occurrence of debris flows caused by the mass movement of channel 
deposits (Imaizumi et al., 2017). Many mountainous basins are characterized as supply limited (weathering limited) 
basins, in which the occurrence of debris flows is controlled by the volume of debris-flow material in the system (Bovis 
and Jakob, 1999). Increases in the volume of sediment supply into channel networks by high landslide activity in the 
forest just after harvesting likely facilitated the occurrence of debris flows in such supply limited channels (Fig. 5). 
Another potential factor affecting the debris flows caused by the mass movement of channel deposits is changes in the 
rainfall-runoff process on hillslopes, which controls water discharge in channels. However, difference in the rainfall-
runoff characteristics was not clear among basins with different forest ages in the Sanko catchment (Imaizumi et al., 
2012). 
Occurrence of debris flows, facilitated by forest harvesting, affects fluvial processes in the channel (Imaizumi et al., 
2012). Volume of sediment storage, which is largely variable by deposition and erosion of sediments by debris flows, 
affected bedload transport rate in the basin (Fig. 6), while size of bare areas formed by debris-flow erosion affects 
suspended sediment rate (Table 2). Therefore, the impact of debris flows on fluvial processes in the harvested areas 
likely continues for a longer period after decreases in the debris-flow activities.  
6. Summary and Conclusion
In order to clarify the impact of forest harvesting on debris flow and related hydrogeomorphic processes, aerial
photograph interpretations and field surveys were conducted in the Sanko catchment, central Japan, where forest 
harvesting records are available from 1912. Our study showed that temporal changes in the debris flow frequency after 
forest harvesting is closely related to the occurrence of landslides accelerated by root decay following forest harvesting. 
Frequency of debris flows originating directly from landslides increases just after forest harvesting. Frequency of 
debris flows caused by the mass movement of channel deposits was increased following increases in the sediment 
supply from hillslopes into channel networks by landslides. Thus, the impact of harvesting on the occurrence of 
landslides is essential to explain the impact of harvesting on the occurrence of debris flows. Ratio of landslides directly 
turning into debris flows is affected by the channel gradient and junction angle with channels. Initiation of this type of 
debris flow is also affected by channel gradient. Consequently, the impact of forest harvesting on the occurrence of 
debris flows is highly affected by the terrain in the basin. The junction angle between hillslope and channel in 
headwaters is usually smaller than that in lower channel reaches. In addition, channel gradient is steeper in headwaters. 
Therefore, forest harvesting in headwaters should be conducted carefully in order to prevent sediment disasters 
following harvesting. 
Field monitoring showed that the volume of channel deposits, which affects bedload rate, depends on debris flow 
and landslide histories in the catchment. Suspended sediment rate was also affected by debris flow history, because 
debris flows create sources of suspended sediment, such as bare areas along channel banks. Therefore, the impacts of 
debris flows on hydrogeomorphic processes after forest harvesting likely continue beyond the decline in landslide and 
debris flow frequency, due to changes to the sediment storage and sediment source by the occurrence of debris flows. 
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Abstract 
A strong winter storm moved across slopes above Montecito recently burned by the December 2017-January 2018 Thomas Fire, 
producing disastrous debris flows and flash flooding that killed 23 people, injured many others, and damaged or destroyed 
residential buildings and community infrastructure. Prior to the event, the National Weather Service issued a flash flood watch, 
forecasting periods of intense precipitation that had the potential to produce debris flows below recently burned slopes. The 
Geotechnical Extreme Event Reconnaissance (GEER) Association formed a team to document some of the effects of the Montecito 
disaster within San Ysidro creek and on bridges along State Route 192, which included geologists, engineers, and a graduate student 
with a background in public health. The Santa Ynez Mountains are comprised of steeply dipping Tertiary sedimentary rocks that 
include thick-bedded durable sandstone, with interbeds of shale, claystone, and silty sandstone, which weather to bouldery and 
cobbly clayey and silty sand sediments. The drainage basins have large upper subbasins separated from the coastal plain where 
Montecito is located by narrow steep-sided canyons. Alluvial fan deposits on the coastal plain contain boulders of local historic 
debris flow deposits. The debris flows overwhelmed debris-catch basins at the mouths of canyons and the shallow channels where 
homes and community infrastructure had been built. The debris flows damaged or destroyed the bridges observed for this study. 
Stream channels were blocked by accumulated boulder and woody debris in a number of locations during the debris flow event, 
which diverted flows away from the channels and onto adjacent land with residential and commercial developments. Above-grade 
stream crossings of some utility pipelines, including water supply, were on the upstream sides of the larger bridges, in part because 
of difficult and expensive excavation into bouldery alluvial-fan deposits. The flows also ruptured a natural gas pipeline and the 
leaking gas ignited, causing fire damage during the flood event. Damage in Montecito occurred to property adjacent to the five 
major stream channels, but life in all parts of the community, and to the region, was severely disrupted, highlighting the need for 
consideration of potential impacts from rare and extreme geologic processes in land-use decisions and infrastructure design. 
Keywords: Montecito; Debris-flow, Flash-flood; GEER; Geotechnical effects; Post-fire 
1. Introduction
The Thomas Fire burned approximately 113,000 hectares between December 4, 2017 and January 20, 2018, making 
it, at the time, the largest fire in California’s history (InciWeb, 2018). Los Padres National Forest mobilized a Burn 
Area Emergency Response (BAER) team within the first week of the fire to assess soil burn severity and subsequently 
partnered with the California Watershed Emergency Response Team (WERT; covers land outside the national forest) 
to develop debris flow and flooding hazard maps to be issued to counties and other agencies (USDA-Forest Service, 
2018 and WERT, 2018).  
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A storm system moving east during the evening of January 8, 2018 and early morning hours of January 9, 2018 
produced short periods of rainfall intensities on the order of 7.6-15.2 centimeters per hour over the freshly burned 
slopes, triggering debris flows in several drainages that resulted in 23 fatalities and widespread destruction to homes, 
businesses, and infrastructure in Montecito, California. Boulders exceeding six meters in diameter and woody debris 
including mature trees were transported by the debris flows.  
Montecito is an unincorporated community in Santa Barbara County located between the Pacific Ocean to the south 
and the Santa Ynez Mountains to the north, a distance of approximately 3.2 kilometers. This narrow strip of land on 
which the community is built is itself an accumulation of debris flow deposits and other alluvial and colluvial sediments 
derived from the mountains to the north (Dibblee and Ehrenspeck, 1986). US Highway 101 runs parallel to the 
coastline in an approximately east-west direction, and State Route (SR) 192 runs east-west about 2.4 kilometers inland 
(north) (Fig. 1). At the time of the debris flows, a mandatory evacuation order had been issued for areas of Montecito 
north of SR 192, and a voluntary evacuation order had been issued for the remainder of Montecito south of SR 192. 
These evacuation orders extended west towards Santa Barbara and east to the City of Carpinteria. The evacuation 
orders were issued because the forecasted rainfall intensities of 12.7 to 38.1 mm/h exceeded the predicted debris flow 
triggering threshold of 28 mm/h (1.1 in./h) (USDA-Forest Service, 2018). 
Significant and destructive debris flows occurred in the Montecito Creek, San Ysidro Creek, Buena Vista Creek, 
and Romero Creek drainages (Fig. 1). Additional debris flows and flooding occurred to the east, affecting the 
Carpinteria; however, damage was minimal compared to Montecito. In response to the event, GEER initiated a formal 
response effort including field reconnaissance and interpretation of remote sensing data. The primary reconnaissance 
effort consisted of two days of field observations on January 29-30, 2018 by a six-person team that focused primarily 
on the San Ysidro Creek drainage. This was preceded by observations of damaged bridges on SR 192 on January 18, 
2018 by B. Turner and by additional geologic observations in the affected drainages by P. Alessio. In addition to field 
observations, team members collected burn intensity data on the Thomas Fire and precipitation data from the January 
8-9, 2018 storm, and analyzed remote sensing data to assess burn extent and sediment erosion and accumulation. 
Fig. 1. Location map of Montecito area drainages impacted by debris flows on January 9, 2018, shown on hillshade with extent of debris flows, 
as mapped by CalFire, outlined in blue (left). Hillshade image with Thomas Fire perimeter and San Ysidro Creek drainage basin (right). 
2. Background
GEER is comprised of volunteer members of the engineering, engineering geology, and earth science community 
and includes members from both the public and private sectors. Based on recommendations from the GEER Steering 
Committee, a GEER Team will respond to geotechnical extreme events to conduct reconnaissance and document 
observations. The ultimate purpose for a GEER team is to prepare a report documenting their observations, which can 
be used by others to advance research and improve engineering practice (http://www.geerassociation.org/about-geer). 
501
Keaton / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 
3. Montecito GEER Team
The Montecito GEER team was comprised of a combination of geologists, engineers, and graduate students. The
Montecito team featured two co-leaders: Dr. Jeff Keaton of Wood was a member of the GEER steering committee and 
organized the team and investigated the rain fall intensity associated with the storms that lead to the debris flows. The 
second co-lead was Dr. Ben Turner of Dan Brown and Associates, PC., who lead the field reconnaissance team and 
the drafting of the reconnaissance report. The remainder of the team was composed of Paul Alessio, Ph.D. candidate 
in earth science at U.C. Santa Barbara, Richard Ortiz, CEG, Senior Engineering Geologist at Lettis Consultants 
International, Inc, John Duffy, Engineering Geologist at Yeh and Associates, Inc., Grace Parker and Taylor Watts, 
graduate students at U.C. Los Angeles, Danielle Smilovsky, Remote Sensing Scientist at Wood, and Dr. Joseph 
Gartner, geologist at BCG Engineers. The field team was composed of a subset of the Montecito GEER team and 
included Dr. Turner (GEER Team co-lead), Mr. Alessio, Mr. Ortiz, Mr. Duffy, Ms. Parker and Ms. Watts. 
4. Observations
Twenty days after the Montecito debris flows, the Montecito GEER team mobilized and made observations over
the course of two days of reconnaissance on January 29-30, 2018. The observations made by the team were focused 
on the impacts the debris flows had on existing infrastructure, such as debris-catch basin, roads, and bridges. At the 
time of the GEER reconnaissance, recovery and rebuilding activities were already underway, including the removal 
of much of the debris from the entire length of the San Ysidro creek channels and debris-catch basins. Observations 
by the GEER team were limited to the San Ysidro Creek drainage and condition of bridges along SR 192.  
4.1. Debris-Catch Basins 
Large amounts of sediment, woody debris, and large boulders were observed within and upstream of the debris-
catch basin located at the base of the range front approximately 360 meters upstream of E. Mountain Drive (Fig. 2). 
Heavy equipment had removed the majority of boulders and sediment from the basin at the time of observation, but 
material was still present and stockpiled along the margins of the basin (Fig. 3a and 3b). The culvert for the basin was 
reinforced concrete pipe and was damaged and undermined on the downstream end of the culvert (Fig. 4a and 4b). 
This basin became filled with debris and spilled over the top and along the margins of San Ysidro Creek during the 
debris-flow event (Fig. 2).  
Fig. 2. Google Earth images of the San Ysidro debris-catch basin at the mouth of the range front approximately 360 meters upstream of East 
Mountain Drive. Image date April 14, 2017 (left); January 12, 2018 (right). © Google Earth (both images). 
4.2. Roads and Bridges 
Impacts to roadway infrastructure due to direct inundation of debris were significant, and resulting highway closures 
affected the entire southern California region for weeks. Road closures were primarily due to debris deposits on the 
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roadway surface that made passage impossible; closures due to damage to roadway surfaces and structures such as 
bridges constituted a significantly smaller portion of the impact. US Highway 101, the main north-south thorough fare 
along the Pacific Coast, was closed for 13 days (January 9-21, 2018.) while; approximately 76,000 cubic meters of 
material up to 3.6 meters thick was removed by Caltrans crews working 24/7 (Ferreira and Holden, 2018). At the time 
of the GEER reconnaissance, many primary and secondary roads in the impacted areas had been cleared of enough 
debris to allow access into individual properties and across major stream crossings at safe locations (Fig. 5). 
Fig. 3. (a) View downstream showing remaining sediment, boulders, and woody debris within San Ysidro creek debris basin during clean out 
operations. (b) Cross stream view of debris basin outlet and stock pile of boulders removed from San Ysidro creek debris basis during clean out 
operations.  
Fig. 4. (a) Upstream view of San Ysidro creek debris-catch basin culvert, showing damage sustained during the January 9, 2018 debris flow 
event. (b) Detail view of damage to culvert. 
Dr. B. Turner performed a reconnaissance-level inspection of the State Route (SR) 192 bridges through Montecito 
on January 18, 2018. He traversed SR 192 from west to east and observed bridges at Montecito Creek, San Ysidro 
Creek, and Romero Creek. Each of these bridges are single-span, simply supported concrete girder structures with 
rectangular channel openings on the order of 4.5 to 7.5 meters wide and 3 to 4.5 meters tall (Fig. 6). The Romero 
Creek Bridge is an exception; the channel opening is arch shaped. It is not clear if the Romero Creek Bridge structure 
is a true arch or is actually a simply-supported span with an architectural arch finish for aesthetic purposes (Fig. 7). 
Anecdotal reports from Caltrans employees indicate these bridges were constructed in the first half of 20th century. 
Initial inspection of the bridges following the event revealed that the upstream openings of the bridges were clogged 
with woody debris, typically up to the deck level. It is notable that each of these bridges was likely the first significant 
channel constriction encountered by the respective debris flows and a significant amount of woody debris had 
accumulated on the leading edge as the debris flow travelled through the burned source area towards SR 192. Sediment 
deposits consisting of a primarily sand-sized soil matrix with cobbles and boulders up to approximately 4.5 meters in 
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Fig. 5. View north of E. Valley Lane, approximately 150 meters south of State Route 192, showing the condition of cleared secondary roads at 
the time of the GEER reconnaissance.   
Fig. 6. Montecito Creek Bridge at SR 192, January 18, 2018. Note lack of scour behind/below abutment wingwalls. Significant amounts of debris 
had been removed from the channel at the time of this photo.  
Fig. 7. Looking downstream at Romero Creek Bridge, SR 192. Photo January 18, 2018. 
While guardrail on the upstream and downstream edges of the bridge decks were completely destroyed, the overall 
level of damage to the bridges along SR 192 was remarkably low in light of the degree of damage to surrounding 
residential structures. The most significant damage occurred to the girders on the upstream edges of the bridges and 
consisted of cracked/spalled concrete, exposed steel reinforcement and residual flexural deformation (Fig. 8). Scour 
behind the upstream abutment wingwalls was notably absent which may also have been due to the woody debris jam 
acting as a buffer against sediment and flood water with otherwise significant scour potential. 
The East Mountain Road bridge crossing San Ysidro Creek was completely destroyed during the event (Fig. 9), 
although the circumstances of the destruction are uncertain because an explosion occurred when a natural gas pipeline 
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that also crossed the creek at the bridge location exploded. It is unclear whether or not this explosion occurred during 
or after the debris flow, and therefore uncertain whether the bridge succumbed to loads imposed by the debris flow, 
forces of the explosion, or a combination thereof. 
Fig. 8. Damaged girder and utilities, upstream side of Montecito Creek bridge at SR 192. Note exposed girder reinforcement consists of 
embedded steel beam section and continuously twisted steel bar; steel beam sections exhibit residual curvature.  
Fig. 9. Abutments of former East Mountain Road bridge at San Ysidro Creek, January 30, 2018. Burned vegetation due to fire associated with gas 
line explosion.  
4.3. Stream Channels 
Prior to the debris flow event, San Ysidro creek was heavily vegetated (Fig. 2) and confined within relatively narrow 
and entrenched channel, with suburban development along the margins of the channel from the canyon mouth to the 
Pacific Ocean (Fig. 1). The action of the debris flow removed the majority of the existing vegetation and scoured the 
channels an unknown amount (Fig. 10a and 10b). A significant amount of accumulated debris had been removed from 
the San Ysidro Creek channel along its entire length from canyon mouth to the ocean by the time the GEER Montecito 
team was able to gain access and complete the reconnaissance. The majority of the remaining debris was still in-place 
beyond the channel margins downstream of the locations where the flow became blocked or constricted, such as at 
bridge crossings. The debris flow avulsed, overtopped the channel margins, and flowed into the surrounding 
neighborhoods built upon floodplain surfaces, where the majority of catastrophic damage occurred (Fig. 11a and 11b). 
4.4. Utility Infrastructure 
The Montecito debris flows affected all major utilities services within the areas of impact. The water transmission 
and distribution system for the Montecito Water District was significantly damaged during the debris flow event, 
including multiple breaks of the Highline (Fig. 12) and Jameson Pipeline transmission mains and the destruction of 
many fire hydrants. 
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Fig. 10. (a) Looking upstream from SR 192 bridge at San Ysidro Creek, pre-event. Google Maps Street View image taken May 2016 (© Google). 
(b) Post-event photo taken from same location as Fig. 10a on January 18, 2018. Note a significant amount of debris had already been removed 
from stream channel. 
Fig. 11. (a). accumulated debris flow deposit and intact structure on East Valley Lane approximately 360 meters downstream of the point of 
debris flow avulsion from San Ysidro Creek channel at SR 192 bridge and 277 meters due west of the San Ysidro Creek channel. Note prominent 
mudline, this home was located along the western margin of the debris flow deposit. (b) accumulated debris flow deposit and partially destroyed 
structure on East Valley Lane approximately 165 meters downstream of the point of debris flow avulsion from San Ysidro Creek channel at SR 
192 bridge and 135 meters due west of San Ysidro Creek channel. This home was located within the direct flow path of the debris flow after the 
flow overtopped the San Ysidro Creek channel.  
Fig. 12. Downstream view of temporary repair of the “Highline” water main by Montecito Water District. Sections of the previously buried water 
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The primary impact to Southern California Edison infrastructure was the toppling of power poles within the 
footprint of the debris flow, which lead to downed power lines and transformers throughout the impacted area. The 
GEER Montecito team observed many field technicians from the Southern California Gas Company working to restore 
service to the residential distribution network within the footprint of the debris flow. One large diameter gas 
transmission line was observed cut and capped within an open excavation adjacent to East Mountain Road 
approximately 50 meters west of San Ysidro creek and likely was an intact section of the gas pipeline that ruptured, 
exploded, and destroyed the East Mountain Road bridge (Fig. 9). 
5. Conclusions
 The existing debris-catch basins were overwhelmed by the high volume of large woody debris and boulder-size
materials that were transported downstream by the Montecito debris flows.
 Bridges crossing creek channels acted as artificial choke points that clogged with debris and subsequently
blocked flow and lead to stream channel avulsion by the debris flow, which resulted in damage to structures
within the footprint of the debris flow.
 Primary and secondary roads experienced minor damage but acted as flow paths for the debris flow into
neighborhoods adjacent to stream channels downstream of avulsion points.
 Above ground and buried utilities were both damaged or destroyed by the debris flows. Utility lines that were
hung under bridges were consistently damaged or destroyed along the entire flow paths of the debris flow.
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Abstract 
Poorly sorted loose granular materials deposited by the coseismic landslides in the 2008 Wenchuan Earthquake provided abundant 
source material for debris flows to occur during saturation and agitation by rainfall as well as surface and groundwater flow. Debris 
flows in southwest China are concentrated in the annual monsoon season when substantial precipitation occurs and have resulted 
in catastrophic damage to downstream regions. With debris-flow susceptibility increasing in regions affected by mega-earthquakes, 
mitigation systems are considered as critical infrastructures, the performance and resilience of which are vital to the local 
communities. In this paper, we present 1) the analysis on rainfall intensity-duration (I-D) thresholds, Rainfall Index (RI), Rainfall 
Triggering Index (RTI) and characteristics of the debris flows that occurred in the gullies located in three watersheds affected by 
the Wenchuan Earthquake, and 2) the evaluation of the performance of both conventional and some novel mitigation systems 
deployed in these gullies. Sharp decreases in the associated rainfall thresholds were found in the gullies after the earthquake; 
however, the level of increase in the rainfall thresholds is highly site- and system-dependent. Most of the existing debris-flow 
mitigation systems exhibited fair performance yet insufficient resilience to the impact. Notwithstanding the large amount of source 
materials available to be mobilized in debris flows and the intense surface run-off, many conventional mitigation structures required 
constant maintenance after each event and even reconstruction after the monsoon season.  
Keywords: Debris flow; Mitigation system; Rainfall thresholds; Wenchuan Earthquake; Resilience 
1. Introduction
The 2008 Wenchuan Earthquake (MW 7.9) occurred in Sichuan province, China on May 12, 2008. The long-lasting
ground motion and the substantial amount of energy released at a shallow focal depth (15-20 km) resulted in one of 
the deadliest and costliest seismic event in China (Huang and Fan, 2013); it claimed 87,145 lives (including 17,923 
reported missing) and resulted in 374,643 injures (National Development and Reform Commission, 2008). The severe 
damage was intensified by the coseismic geohazards; the coseismic landslides have caused more than 30,000 fatalities, 
exceeding 1/3 of the total fatalities of the earthquake (Fan et al., 2018). Various estimations on the number of 
geohazards are reported in previous literature following study of the earthquake. Huang and Li (2009) reported more 
than 1,200 geohazards that were posing direct risks to downstream communities in Sichuan Province. Gorum et al. 
(2011) mapped about 60,000 landslide scarps. Dai et al. (2011) and Parker et al. (2011) have separately reported more 
than 50,000 coseismic geohazards in their studies.  
The coseismic landslides and the subsequent debris flows represent a post-earthquake instability process (Huang 
and Fan, 2013; Zhang et al., 2014). Debris flow is the sudden downward surge of saturated and poorly sorted sediments 
under gravitational forces (Iverson, 1997); it poses significant risks to downstream communities as a large amount of 
landslide deposit becomes the source material for rainfall-induced debris flow, which can increase the magnitude 
through progressive entrainment during the movement (Iverson et al., 2011; Cui et al., 2013). A significant increase 
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in debris flow was observed after the Wenchuan Earthquake, and can be attributed to the increase in sediment flux 
caused by coseismic landslides (Huang and Fan, 2013; Guo et al., 2016); similar changes were found after the 1999 
Chi-Chi Earthquake (Jan and Chen, 2005). 
The increase in debris-flow events is reflected by comparing the pre- and post-earthquake rainfall thresholds in the 
corresponding regions. In this paper, the changes of the rainfall thresholds, including the rainfall intensity-duration (I-
D), Rainfall Index (RI), and Rainfall Triggering Index (RTI), after the earthquake are reviewed and analyzed for the 
quake-stricken region. Emphasis in the analysis is placed on three catchments with debris-flow mitigation systems 
implemented between 2010 and 2012, with the aim of using different rainfall thresholds: 1) to assess the long-term 
impacts of earthquake on debris flows, and 2) to compare the performance and resilience of the conventional and novel 
mitigation systems in the region. 
2. Study Area
The Wenchuan Earthquake originated along the Longmen Mountain Fault zone with a length of 300-500 km and a 
width of 50 km between the Sichuan Basin and the eastern margin of the Tibetan Plateau (Shen et al., 2009), as 
illustrated in Fig 1. The autochthon of Longmen Mountain Fault zone encompasses the Proterozoic granite massifs, 
unconformably overlapped the Lower and Middle Jurassic strata, Cretaceous strata, and deformed Paleozoic sediments 
with Quaternary alluvium extended to the rheologically strong lithosphere of the Sichuan Basin (Burchfiel et al., 2008; 
Wang et al., 2011). The steep margin of the Tibetan Plateau is intensely dissected by the tributaries of the Yangtze 
River (Ouimet et al., 2007), shaping one of the most mountainous regions for human settlement in China. The main 
surface rupture is along the Yingxiu-Beichuan Fault (YBF) and the Jiangyou-Guanxian Fault (JGF) with lengths of 
240 km and 72 km, respectively. 
Fig. 1. Tectonic and geomorphic settings of the 2008 Wenchuan Earthquake (ASTER image). The Longmen Mountain Fault zone is located 
between the Tibet Plateau and the Sichuan Basin (upper left). Satellite images of catchment areas of some representative gullies in the study area 
are shown (Google Earth image). The epicenter and the main ruptures of the earthquake are highlighted. 
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The study area includes the watersheds of Qingping, Yingxiu, and Dujiangyan (Fig. 1); these regions contain a 
more detailed collection of pre-/post-earthquake as well as pre-/post-mitigation records, of rainfall and debris to assess 
the impacts of earthquake and debris flows. The region is incised by the waterways of the Mianyuan River (Qingping), 
the Min River (Yingxiu), and the Longxi River (Dujiangyan), which resulted in a relative elevation of 770-4000 m in 
the study area. The study area comprises a complex lithological assemblage, including mainly 1) shale, sandstone, and 
limestone in Qingping, 2) granite, limestone, and sandstone in Yingxiu, and 3) granite, sandstone, and mudstone in 
Dujiangyan. The annual average precipitation in Qingping, Yingxiu and Dujiangyan is 1086 mm, 1253 mm, and 1135 
mm, respectively. Rainfall concentrates in the monsoonal season between June and August, with typically 60%-80% 
of the annual precipitation of the study area.  
Numerous destructive debris flows occurred immediately after the earthquake during the monsoonal seasons of 
2008 and 2009, including the debris flows in the Wenjia gully in Qingping and in the Weijia gully that buried part of 
the ruins of Beichuan town. Many debris-flow mitigation systems that were being designed or implemented at the time 
followed the conventional design specifications which later proved to be insufficient for debris flows after an 
earthquake due to high sediment flux (Xu et al., 2012). The intense precipitation during August 12-13, 2010, triggered 
debris flows in more than 80 gullies in the study area, including 20 in Qingping, 21 in Yingxiu, and 44 in Dujiangyan. 
The debris flows caused fatalities and resulted in damage to the post-earthquake reconstruction process (Tang et al., 
2012; Xu et al., 2012; Huang and Li, 2014). The debris flows also destroyed many conventional mitigation systems, 
which exclusively consisted of a large number and variety of concrete check dams and channels that were inadequately 
designed. The basic characteristics of the mitigated gullies in the study area are shown in Table 1.  
Table 1. The basic geometry of the gully and the estimated amount of the source materials for the debris flow with 







Loose deposit volume (before 
August 2010) (×106 m3)* 
Loose deposit volume (after 
August 2010) (×106 m3) 
Hongchun 3.6 1.29 5.35 3.58 3.1 
Shaofang 1.85 1.1 1.5 2.52 2.23 
Niujuan 3.9 1.78 10.7 7.89 7.43 
Maliu 1.59 0.95 1.98 - 8.14 
Dashui 0.88 0.32 0.45 - 2.7 
Wenjia 3.25 1.52 4.5 80.6 74.5 
Zoumalin 3.5 0.59 5.7 4.37 3.26 
Note: the estimated volume of source material before August 2010 may not represent the total volume of loose deposit after 
the earthquake due to subsequent debris flows without detailed records in literature.
3. Rainfall Threshold and Mitigation Systems
3.1. Pre-/Post-earthquake I-D thresholds 
Prior to the earthquake, rainfall data for gullies that were susceptible to debris flows were typically collected by the 
nearby rain gauge without the systematic frameworks of an Early Warning System (EWS) for debris flows. The studies 
on pre-earthquake debris flows in the region commonly rely on distant rain gauges that may not be at the comparable 
elevation or the same side of the ridge, as indicated by Guo et al. (2016).  
A rainfall threshold represents the minimum precipitation required to trigger a debris flow, slope failure, or shallow 
landslide. Typical approach includes rainfall intensity-duration relationship that can be expressed as 𝐼 = 𝛼𝐷−𝛽, where 
I is the mean rainfall intensity (mm/hr), D is the rainfall duration (hr), and α and β are empirical coefficients (Caine, 
1980). However, a single critical rainfall parameter, such as peak rainfall intensity or daily cumulative rainfall, has the 
tendency to overestimate debris-flow occurrence for mitigated gullies (Liu et al., 2017), and thus additional rainfall 
threshold parameters are employed to better characterize the critical conditions and the variations after implementing 
the mitigation system. The Rainfall Index (RI) is defined as RdImax (Chen et al., 2013), where Rd is the daily cumulative 
rainfall and Imax is the peak rainfall intensity. The Rainfall Triggering Index (RTI) is expressed as the product of RtImax, 
where Rt is the 7-day antecedent rainfall. The RTI has been used to establish probability of debris flow occurrences in 
predication models (Jan et al., 2002; Jan and Lee, 2004; Huang et al., 2015). 
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Guo et al. (2016) summarized the I-D thresholds and duration that triggered debris flows between 2008 and 2013 
for the entire region that was impacted by the Wenchuan Earthquake. Ma et al. (2017) studied the debris-flow events 
between 2008 and 2013 and summarized a more watershed-scale regional I-D threshold. These rainfall thresholds are 
compared with some proposed global and regional thresholds, as shown in Fig 2. 
A pre-earthquake I-D threshold for the entire region is not available for the Wenchuan Earthquake; but the post-
earthquake I-D thresholds are significantly lower than the global or regional thresholds included in this study, which 
implies a possible severe impact caused by the earthquake. The gradual increase in the I-D thresholds between 2008 
and 2013 indicates a decreasing susceptibility to debris flow at a regional scale since the earthquake. Notwithstanding 
the sediment influx caused by the subsequent geohazards after the earthquake (Huang and Fan, 2013; Huang and Li, 
2014), the recovery of the I-D thresholds can be largely ascribed to the decrease of the overall loose materials, as they 
were entrained and removed by previous debris flows from the gullies. The watershed I-D thresholds are considerably 
higher than the regional thresholds (Fig. 2); it is postulated that the study on these watersheds were affected by the 
implementation of debris-flow mitigation systems.  
Fig. 2. Global and regional mean rainfall I-D thresholds for debris flows proposed in previous literatures (refernces see Liu et al., 2017). The 
regional I-D thresholds for the Wenchuan Earthquake impacted area are highlighted; the watershed I-D thresholds are marked by dash lines. The 
sharp decrease in thresholds #17 and #18 represents the changes after the 1999 Chi-Chi Earthquake. 
3.2. Conventional mitigation systems 
The mitigation systems implemented in the representative gullies are discussed and the effects on rainfall thresholds 
are analyzed. The discussion focuses on the design and performance of mitigation systems implemented after August 
2010. An Early Warning Systems (EWS) was implemented for each mitigated gully; it is designed to better collect 
rainfall and erosion data and monitoring the debris flow events. The conventional mitigation systems in the studied 
gullies are typically deigned with concrete check dams and drainage channels. 
3.2.1. Yingxiu 
The heavy rainfall event on May 17, 2008, July 23, 2009, and May 29, 2010 induced numerous landslides, rockfalls, 
and debris flows. The extreme rainfall event on August 12-14, 2010 caused severe damage to the reconstruction of 
Yingxiu with urban flood inundation, which resulted from the blockage of the Minjiang River due to the debris flows 
that occurred in the Hongchun gully, Shaofang gully, and the adjacent gullies. The precipitation reached 163 mm in 2 
hours on the morning of August 14, 2010; it triggered debris flows around 3:00 AM local time. The volume of debris 
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from the Hongchun gully was estimated as 7.5105 (Huang and Li, 2014), and the level of flood was 2-3.5 m in 
Yingxiu and remained in the area for more than 7 days (Tang et al., 2011). The mitigation system in Hongchun gully 
was completed before the monsoon season of 2011, and was comprised of a large concrete check dam at the exit of 
the gully with a drainage channel, and 3 small check dams along the gully. The high slope gradient of the Shaofang 
gully posed challenges to the design of the mitigation system; it consisted of 3 large check dams and a short drainage 
channel to divert the debris flow into the Minjiang River to reduce damage to the roadway. The epicenter of the 
Wenchuan Earthquake is located in the Niujuan gully, in which abundant loose materials were deposited by the 
coseismic landslide. A total of 8 check dams were implemented, of which half are for the branches to prevent sediment 
supply into the main gully, with a drainage channel to guide the debris flows.  
3.2.2. Qingping 
A large amount of loose sediment was deposited by coseismic landslides in the Zoumalin gully, with no prior 
reports of debris flows before the Wenchuan Earthquake. The conventional mitigation system consists of 7 large check 
dams and 4 drainage channels in the branches with small sectional barriers, and an additional 3 barriers. The intense 
rainfall events on August 17, 2012 and July 8, 2013 resulted in two large-scale debris flows. The debris flow in 2012 
filled most of the basins of the check dams and blocked the drainage channels (Fig 4a and 4b); the basins were 
subsequently emptied. The debris flow in 2013 overflowed the check dams and caused damage to the community. 
3.2.3. Dujiangyan 
The source material in the gullies of the Dujiangyan watershed were mainly deposited by the coseismic landslides 
of the Wenchuan Earthquake. The peak hourly rainfall on August 12-14, 2010 was 75 mm, with a high 2-hr cumulative 
precipitation of 128.3 mm. A large-scale debris flow occurred in Maliu and Dashui gully on August 13 and 18 during 
intense rainfall, which have collectively mobilized more than 10×106 m3 of loose sediments. The mitigation system in 
the Maliu gully comprises 7 check dams, with the aim of preventing sediments from reaching downstream, as the exit 
was close to a temporary settlement for residents of Longchi town that were severely damaged by the earthquake. The 
volume of the remaining loose materials in the Dashui gully is less compared to other gullies after August 2010, and 
therefore, the design of the mitigation system was modified to include only 2 larger check dams (height > 13 m) with 
a drainage channel at the exit of the gully. 
3.3. Novel mitigation system 
A novel mitigation system was subsequently designed and implemented in the gully (Fig. 3), as discussed in detail 
in Liu et al. (2017). The new system integrates three key elements, i.e. the water-sediment segregation (water control), 
source material stabilization (sediment control), and channelized erosion prevention (erosion control), with the aim of 
minimizing surface run-off by separating the fluid and solid components of the debris flow. The sediment control and 
erosion control focus on the mid-/down-stream of the gully where a large amount of loose materials can be entrained 
by a debris flow originating from the up-stream. The water-sediment segregation system is shown in Fig. 4; the debris-
flow breaker consists of 4 arrays of steel fins aligned perpendicular to the dominant flow direction. In the event of 
overflowing of check dams #4 and #5, the sediment basin reduces the dynamic impact by permitting settlement of 
larger boulders and rocks. The breaker system enables rapid drainage of surface runoff through the drainage tunnel, 
which in turn, prevents erosion and mobilization of the loose particles in the mid- and down-stream. Fluid and small-
scale sediment removed from the bulk of the debris flow are drained through the drainage tunnel and discharged to 
branch #1. Therefore, the debris flow can be contained within a certain branch or a small area, to prevent entrainment 
of the loose materials in the mid-stream of the gully. 
3.4. Pre-/Post-mitigation rainfall thresholds 
The rainfall parameters associated with the pre-/post-mitigation debris flows in the studied gullies are summarized 
in Table 4. The variations in the number and volume of the debris flows as well as the associated rainfall thresholds 
are of direct interest in evaluating the performance of the mitigation system. Since no known debris flows existed in 
these gullies before the earthquake, the rainfall data prior to the earthquake cannot be identified for many of the studied 
gullies (Fig. 5). However, the increased number of debris flows is prominent, and decreased abruptly with sharp 
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increases in the critical rainfall parameters after implementation of the mitigation system, as demonstrated by the 
Wenjia gully. Although the interplay between rainfall and debris flows are complex and dynamic, plotting the 
occurrences in such fashion offers an intuitive representation on the variations in the number of debris-flow events 
and rainfall thresholds. Notwithstanding the difficulties in comparing the pre-/post-mitigation rainfall parameters due 
to the lack of data, the proposed rainfall parameters can serve as an effective factor to evaluate the performance of the 
system, as demonstrated by changes of the critical rainfall condition of the Wenjia gully case. 
Fig. 3. The debris flow mitigation system in the Wenjia Gully. The midstream section consists of a flexible drainage channel. Three check dams 
were constructed in the downstream of the gully. A large number and variety of sensors were installed in the gully and/or its catchment, including 
the rain gauges (blue), deposit thickness gauges (red), piezometers (orange), and video cameras (yellow) (after Liu et al., 2017). 
Fig. 4. An overview of the water-sediment segregation system formed by a sediment basin and a breaker system. The drainage conduits are 
underneath the steel fins of the debris flow breaker, and connects to the drainage tunnel. 
4. Concluding Remarks
A typical problem for the design of a mitigation system in a gully that was impacted by a major seismic event is
that a large amount of loose materials is deposited by coseismic landslides, and thus debris flows in such a gully is 
almost inevitable under heavy rainfall. In this paper, we summarize the debris-flow events after the 2008 Wenchuan 
Earthquake in the entire region emphasizing three watersheds. The study area contains gullies that are extremely 
susceptible to debris flows under rainfall, and demonstrated significant decreases in the critical rainfall condition. 
Discussion focused on the design and implementation of mitigation systems, and employs rainfall parameters to 
evaluate the performance of the systems. The study proposed to use pre-/post-mitigation rainfall parameters to evaluate 
the performance of the system as indicated by the Wenjia gully mitigation system. 
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Fig. 6. The variations in the rainfall parameters contributing to the pre- and post-mitigation debris flows in the studied gullies. The gray region 
represents the period of the construction of the mitigation system, during which no dataset was collected systematically, and thus not included in 
the analysis. 
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Abstract 
The extreme heat from wildfire alters soil properties and incinerates vegetation, leading to changes in infiltration capacity, ground 
cover, soil erodibility, and rainfall interception. These changes promote increases in runoff and sediment transport that increase the 
likelihood of runoff-generated debris flows. Over a period of several years, referred to as the window of disturbance, the landscape 
recovers and wildfire-induced changes become less accentuated. Debris flows are most common in the year immediately following 
wildfire, but changes in the likelihood and magnitude of debris flows throughout the window of disturbance are not well 
constrained. Assessing debris-flow hazards throughout the post-wildfire recovery period is complicated, in part, by the myriad of 
wildfire-induced changes and their nonlinear relationships with sediment transport and runoff generation processes. In this study, 
we combine measurements of soil hydraulic properties with vegetation survey data and numerical modeling to understand how 
debris-flow threats are likely to change in steep, burned basins during the first two years of recovery. We focus on documenting 
recovery following the 2016 Fish Fire in the San Gabriel Mountains, CA, USA and demonstrate how a numerical model can be 
used to predict temporal changes in debris-flow properties and initiation thresholds within that region. Substantial increases in 
sorptivity, which represents the capillarity contribution to infiltration, and reductions in the percentage of bare soil occurred during 
the first 18 months following the Fish Fire. Numerical modeling suggests that these changes lead to a roughly 40% increase in the 
15-minute rainfall intensity-duration threshold associated with debris-flow initiation as well as more than a three-fold decrease in 
debris-flow volume from post-fire year 1 to post-fire year 2. These results provide valuable constraints on changes in debris-flow 
thresholds within the San Gabriel Mountains as well as a general framework for exploring the impact of changing vegetation and 
soil hydraulic properties on debris flow magnitude and susceptibility. 
Keywords: debris flow, wildfire, recovery, threshold, infiltration 
1. Introduction
Wildfire is a well-documented catalyst for change in hydrologic and geomorphic systems (e.g. Shakesby and Doerr,
2006). Post-wildfire reductions in infiltration capacity (Ebel and Moody, 2017) and canopy interception (Stoof et al., 
2012) promote increased runoff. Increased runoff combined with the effects of lower critical thresholds for sediment 
entrainment (Moody et al., 2005) and a high percentage of bare soil lead to a substantial increase in debris-flow 
likelihood after a wildfire. Post-wildfire debris flows are triggered when runoff concentrates in steep channels and 
mobilizes large volumes of sediment, in contrast to debris flows that initiate from shallow landslides (e.g. Meyer and 
Wells, 1997; Cannon et al., 2008; Gabet and Bookter, 2008; Kean et al., 2011). With few exceptions (e.g. Cannon et 
al., 2008), previous work has focused on the threats posed by runoff-generated debris flows in the first year following 
disturbance by wildfire, but the extent to which debris flow hazards persist into subsequent years is not well 
understood. 
Rainfall intensity-duration (ID) thresholds are commonly used to assess post-wildfire debris-flow potential, with 
debris flows often initiating once a critical rainfall intensity is exceeded (Cannon et al., 2008; Staley et al., 2013). 
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Staley et al. (2017) recently developed an empirical model to predict debris-flow likelihood as a function of terrain 
attributes, soil burn severity, and rainfall intensity (averaged over 15, 30, or 60 minutes). However, it is not clear how 
rainfall ID thresholds change with time following wildfire because data regarding debris-flow occurrence are most 
common in the first post-wildfire year and because there is no clear connection between the magnitude of empirically 
Fig. 1. (a) Overview of study area; (b) Photo looking across the hillslope along a transect at the Las Lomas site where infiltration measurements 
were conducted. (c) Aerial photo of the Arroyo Seco watershed following the 2009 Station Fire. 
derived rainfall ID thresholds and the hydrologic and geomorphic variables that are changing as the landscape recovers. 
Since runoff is a necessary condition for most post-wildfire debris flows, it is critical to understand how wildfire-
driven changes to soil infiltration capacity change with time since burning and how the magnitude of those changes 
translates into changes in debris-flow potential. Post-wildfire reductions in infiltration capacity are often attributed to 
increased soil water repellency (Shakesby and Doerr, 2006), which may persist for up to five years but typically decays 
over timescales of 1-2 years (e.g. Larsen et al., 2009). The percentage of bare soil, which is initially high following 
wildfire and decays as vegetation recovers, is also likely to be a key factor in determining debris-flow potential since 
bare soil on hillslopes is particularly vulnerable to erosion. Hillslope erosion can account for a substantial amount of 
the sediment within post-wildfire debris flows in certain cases (e.g. Smith et al., 2012; Staley et al., 2014) and 
contribute to sediment bulking in the channel that increases flow depth and discharge. 
Given measurements of how wildfire-affected variables change over time, such as ground cover and soil hydraulic 
properties, physically-based models have the potential to be used to quantify the corresponding changes in debris-flow 
response. In this study, we utilize the numerical model developed by McGuire et al. (2017), which represents the 
coupled processes of runoff, sediment transport, and debris-flow initiation, to assess changes in debris-flow ID 
thresholds and debris-flow magnitude within an 18-month period following wildfire in the San Gabriel Mountains, 
CA, USA. We make use of data from two study areas, referred to as Las Lomas and Arroyo Seco, both of which are 
located in the San Gabriel Mountains and have produced numerous debris flows following wildfire. Although the two 
study sites were burned at different times and in different fires (Figure 1), we utilize them as representative sites for 
debris-flow prone headwater basins in the San Gabriel Mountains. Data from the Las Lomas study site are used to 
quantify changes in soil hydraulic properties and canopy/ground cover with time following wildfire. Changes in soil 
hydraulic properties were quantified at Las Lomas through in situ measurements throughout an 18-month period 
following the 2016 Fish Fire. Canopy and ground cover were negligible at the start of the study period and were 
quantified through a field survey 18 months after the Fish Fire. These measurements are then used as inputs for a 
numerical model in conjunction with a high resolution digital elevation model (DEM), obtained at the nearby Arroyo 
Seco site (which was the focus of intensive debris-flow monitoring following the 2009 Station Fire), to simulate debris-
flow initiation during different stages of recovery. Here, we report on the measured changes at Las Lomas and a series 
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of simulations designed to assess how debris-flow response is likely to change in the San Gabriel Mountains from the 
first to second year after the wildfire. 
2. Study Area
The Fish Fire, which started on 21 June 2016, burned 4253 acres of the Angeles National Forest in the San Gabriel
Mountains near Los Angeles, CA (Figure 1). The wildfire burned mainly in rugged terrain with steep hillslopes 
dominated by chaparral vegetation. Soils in the area are generally thin (0.5-1 m), rock outcrops are common, and a 
highly weathered layer of saprolite is occasionally exposed on the hillslopes (Staley et al., 2014). Repeat measurements 
of soil hydraulic properties were conducted on a roughly 40-degree hillslope, which we will refer to as the Las Lomas 
study site, in an area that experienced moderate-to-high soil burn severity during the Fish Fire. No vegetation canopy 
remained and all litter and duff at the surface had been consumed by the wildfire. The hillslope is located in the upper 
portion of a 0.12 km2 basin that drains into the Las Lomas debris basin. A series of rainstorms between December 
2016 and February 2017 incised a network of rills through the study area and produced a number of debris flows and 
floods at the outlet of the drainage basin.  
The Arroyo Seco site, also located in the San Gabriel Mountains in an area dominated by chaparral vegetation, is a 
small drainage basin (0.012 km2) that burned at moderate-to-high severity in the 2009 Station Fire. A number of runoff-
generated debris flows were observed in the first winter following the fire (Kean et al., 2011). A DEM derived from 
terrestrial laser scanner (TLS) surveys performed by Staley et al. (2014) following the first post-wildfire rainstorms 
provides high-resolution topographic data that are ideal for detailed simulations of runoff and debris flow initiation. 
3. Methods
3.1. Field measurements following the Fish Fire 
Field saturated hydraulic conductivity (Ks) and sorptivity (S) were determined through in situ measurements 
conducted with a mini disk tension infiltrometer. The tension infiltrometer has a disk with a radius of 2.25 cm. The 
suction head was set to 1 cm for all measurements. Measurements were made during site visits to the Las Lomas study 
area (burned in the 2016 Fish Fire) in September 2016, November 2016, January 2017, February 2017, July 2017, and 
March 2018. Measurements were performed every 1 meter along a 20 meter transect that extended in the cross-slope 
direction, with the exception of those made in September 2016. When time permitted, additional measurements were 
made on the hillslope in the vicinity of the established transect. In September 2016, the transect had not yet been 
established and measurements were made in nearby areas burned at moderate-high severity. 
A total of 26, 35, 28, 40, 21, and 21 infiltration measurements were made during the site visits in September 2016, 
November 2016, January 2017, February 2017, July 2017, and March 2018, respectively. During each measurement, 
the total volume of water infiltrated is tracked as a function of time and must later be post-processed to infer field 
saturated hydraulic conductivity (Ks) and sorptivity (S) (e.g. Zhang, 1997). Estimates of Ks and S were derived using 
the methods described by McGuire et al. (2018). The wetting front suction head (hf), a parameter in the Green-Ampt 
infiltration model, can then be estimated as (Ebel and Moody, 2016) ℎ" = 𝑆%/2𝐾)𝜃), where 𝜃) denotes the volumetric 
water content at saturation.  
In March 2018, we conducted a vegetation survey on a hillslope adjacent to the infiltration transect using the point- 
intercept method (e.g. Crocker and Tiver, 1948). A measuring tape was extended between two control points marked 
with steel rebar. The distance between the two control points was 20.8 meters. Every 20 cm along the transect (for a 
total of 105 measurements), we sighted directly down toward the surface with a laser pointer and recorded the first 
obstacle that intercepted the light. The laser either hit the vegetation canopy, bare soil, litter, or a rock. Litter was 
classified as any loose plant material on the soil surface. Any sediment with a diameter greater than 5 mm was classified 
as rock cover. If the laser hit any portion the canopy, the maximum height of that vegetation was recorded. 
3.2. Numerical model 
The numerical model represents fluid flow using the shallow water equations, which contain additional source terms 
to account for changes in flow resistance as a function of sediment concentration (McGuire et al., 2016; 2017). 
Infiltration is modeled with the Green-Ampt equation, using estimates of Ks and hf obtained from field measurements. 
Hydraulic roughness was taken into account using a depth-dependent Manning friction coefficient (Mugler et al., 
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2011). Debris-flow resistance is represented using a Coulomb friction approach (e.g. Iverson and Denlinger, 2001) 
where the effective basal normal stress is modified by pore fluid pressure within the flow. In all simulations, the ratio 
of pore fluid pressure to total basal normal stress (λ) was set to a constant value of λ=0.65.   
The Hairsine-Rose (HR) model (Hairsine and Rose, 1992a; 1992b) was used to account for sediment entrainment 
and deposition, as described in detail by McGuire et al. (2016). In the HR model, particles can be detached and 
entrained into the flow via raindrop impact or flow-driven detachment. The rate at which sediment is detached by 
raindrops is a function of flow depth, rainfall intensity, and raindrop diameter while the rate of flow-driven sediment 
detachment is a function of stream power. Since the canopy and ground cover (e.g. litter) can shield the underlying 
soil from raindrop impact, changes in ground and canopy cover will also influence the rate of raindrop-driven sediment 
detachment (e.g. McGuire et al., 2016).  
3.3. Debris-flow simulations at Arroyo Seco 
For model simulations, we applied the vegetation and hydrologic measurements from the Fish Fire to the nearby 
Arroyo Seco drainage basin (Figure 1) because a high-resolution DEM was available for that site. Although Arroyo 
Seco was not burned during the Fish Fire, it is representative of headwater areas within the San Gabriel Mountains 
where post-wildfire debris flows tend to initiate and its steepness is similar to other debris-flow producing basins in 
the San Gabriel Mountains (Kean et al., 2011). The small size of the basin makes it possible to perform a larger number 
of simulations, and we coarsened the DEM from 2 cm (Staley et al., 2014) to a grid spacing of 37.5 cm to further 
increase computational efficiency. Runoff is driven by a family of idealized rainstorms, with peak 15-minute rainfall 
intensities (I15) varying from 20 mm/h to 60 mm/h in increments of 2.5 mm/h (Figure 2).  
All simulations were performed using the same parameters and model setup as reported in McGuire et al. (2016) 
unless otherwise noted (Table 1). McGuire et al. (2016) calibrated the HR sediment transport parameters at the Arroyo 
Seco site by comparing simulated erosion patterns to those generated from repeat TLS surveys (Staley et al., 2014). 
The roughness coefficient was set to a value of n0=0.05 s m-1/3, which is in range of calibrated roughness values for 
recently burned, low-order drainage basins in the San Gabriel Mountains (Rengers et al., 2016). The fraction of bare 
soil exposed to raindrop impact is assumed to be 1.0 in the first year following the fire based on field observations of 
negligible vegetation and litter cover (Figure 1). Infiltration rates were computed for year 1 using the Ks and hf values 
obtained in September 2016 and November 2016, while Ks and hf values obtained in July 2017 and March 2018 were 
used for year 2. Each pixel within the computational domain was randomly assigned a value from the measured 
distribution of Ks and hf. Due to the number of pixels in the computational domain, we found that differences among 
simulations performed with different realizations of Ks and hf were not significant. 
Fig. 2. (a) Designed rainstorms used for simulations at Arroyo Seco. For display purposes only 3 curves are shown; however, for modeling we 
used curves with peak 15-minute rainfall intensity (𝐼,-
.	 ) varying from 20-60 mm h-1 in intervals of 2.5 mm h-1; (b) Shaded relief map of Arroyo 
Seco. 
A total of 19 simulations, each driven by one of the 19 different rainstorms (Figure 2a), were performed using the 
measured infiltration and vegetation characteristics from the first post-wildfire year. A second set of 19 simulations 
were performed using the measured infiltration and vegetation characteristics from the second post-wildfire year. 
Lastly, we performed a final set of simulations using measured soil hydraulic properties from year 2 and vegetation 
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characteristics (i.e. 100% bare ground) consistent with year 1. The goal of these simulations was to quantify the relative 
impact of vegetation recovery and soil recovery on post-wildfire debris flows. Flow depth, discharge, and sediment 
concentration at the basin outlet were recorded in all cases to assess differences among simulations. Debris flows were 
identified at the outlet of the basin based on exceedance of a sediment concentration threshold of 40%. Flows with a 
sediment concentration (c) less than 40% were classified as floods. The total volume of sediment exiting the basin, 
total volume of debris flows (i.e. flows with c>40%) leaving the basin, and peak debris flow discharge at the outlet 
were stored for each simulation. 
Table 1. Model parameters used for simulations of runoff, sediment transport, and debris flow initiation at the Arroyo Seco site. Notation follows 
McGuire et al. (2016). When appropriate, values for year 1 and year 2 are both presented and separated by commas. Median values are reported 
for Ks and hf. 
Parameter name (symbol) Units Value Source 
Roughness coefficient (n0) s m-1/3 0.05 Calibrated 
Raindrop detachability (a0) kg m-2 s-1 9000 Calibrated 
Raindrop redetachability (ad0) 
Fraction of effective stream power (F) 
Fraction canopy cover 
Fraction bare soil 
Field saturated hydraulic conductivity (Ks) 
Wetting front suction head (hf) 



















4.1. Changes in soil hydraulic properties and ground cover 
Repeat field measurements of soil hydraulic properties reveal a change in sorptivity (S) between February 2017 and 
July 2017, which corresponds to a time period of 8 to 13 months after the wildfire (Figure 3). As a result, the median 
wetting front suction head (hf) increased with time from roughly 0.001 m in September 2016 to 0.021 m by March 
2018. In contrast, field saturated hydraulic conductivity (Ks) appears to be relatively constant with time following the 
wildfire (Figure 3). The first and third quartiles of Ks in year 1 are 9 mm/h and 33 mm/h, respectively, whereas they 
are 5 mm/h and 30 mm/h in year 2.  The fraction of bare soil decreased from 1.0 immediately following the wildfire 
to 0.63 in March 2018, after 18 months of recovery. The reduction in bare ground was primarily due to an increase in 
canopy cover fraction from approximately 0 to 0.29. The fractions of litter (0.07) and rock cover (0.01) were relatively 
minor. Although the recovering vegetation may be effective at reducing direct raindrop impact on the soil surface, it 
likely had a minimal ability to intercept and store water since the average vegetation height was less than 10 cm. 
Fig. 3. (a) Field saturated hydraulic conductivity (Ks) and (b) sorptivity (S) derived from field measurements at different times following the June 
2016 Fish Fire. 
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4.2. Simulations of erosion and debris flows 
Debris flows initiated in response to lower intensity rainstorms in year 1 relative to year 2 (Figure 4). The first sign 
of debris flow activity at the lower outlet (i.e. debris flow volume greater than 5 m3) during year 1 occurs in response 
to the designed rainstorm with a peak I15 of 27.5 mm/h whereas storms during year 2 with a peak I15 less than 37.5 
mm/h do not produce any debris flows at the outlet. In the theoretical case where vegetation recovery is neglected in 
year 2 and only changes in infiltration capacity are taken into account, a peak I15 of at least 35 mm/h is required to 
initiate debris flows.  
Fig. 4. Model simulations of (a) debris-flow discharge, (b) debris-flow volume, and (c) total volume eroded at the basin outlet as a function of 
rainfall intensity. Vertical lines indicate model-derived thresholds for year 1 (dotted line) and year 2 (dashed line). (a) Peak debris flow discharge 
and (c) total sediment volume eroded generally increase with peak I15 and are highest in the first year following the fire. (b) Debris flow volumes 
are limited at higher rainfall intensities due to the increased amount of water runoff, which can reduce sediment concentrations in the flow. 
The peak discharge of debris flows generally increases with peak I15 and decreases from year 1 to year 2, though 
peak flow depths (Figure 5) and discharges (Figure 4a) are sometimes comparable between years 1 and 2.  Debris-
flow volume initially increases with peak I15 and then remains constant (year 2) or decreases slightly (year 1). The 
total volume of sediment eroded, however, continues to increase with peak I15. Debris flow-volumes and total sediment 
eroded for a given rainstorm are higher in year 1, as expected, with the exception of the case where the site experiences 
high-intensity rainfall and vegetation recovery is neglected during year 2 simulations.  
Fig. 5. Model simulations of flow stage at the Arroyo Seco basin outlet under conditions consistent with (a) post-wildfire year 1, (b) post-wildfire 
year 2, and (c) post-wildfire year 2 where we assume that the vegetation did not recover (i.e. canopy and litter cover are negligible). 
5. Discussion
Simulations of erosion and debris-flow initiation suggest that there should be a substantial increase in rainfall ID
thresholds between the first and second year after a wildfire as well as decreases in expected debris flow volume due 
to changes in soil hydraulic properties. Simulations do not take into account the reductions in sediment supply that are 
likely to have occurred in the time between the first and second year after a wildfire. Results reported here can therefore 
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be viewed as conservative, with even greater increases in ID thresholds and reductions in volume being likely if 
sediment supply is reduced in subsequent years from erosion occurring during year 1.  
Thresholds of 27.5 mm/h and 37.5 mm/h can be inferred from simulations for years 1 and 2, respectively. The 
regional I15 threshold for debris flow initiation in the San Gabriel Mountains is 19 mm/h (Staley et al., 2013). The 
difference between the regional threshold and the value derived here could result from basin-specific morphological 
properties that influence debris flow thresholds (e.g. Staley et al., 2017), uncertainties associated with measured soil 
hydraulic properties, or from the choice of the designed rainstorm. Increases in the threshold rainfall intensity from 
27.5 mm/h in year 1 to 37.5 mm/h year 2 can be attributed to both the increase in hf and a decrease in percent bare 
ground. Increases in hf lead directly to decreases in runoff. Low values of sorptivity (and therefore hf) in the year 
immediately following wildfire are consistent with a recent compilation of soil hydraulic properties from burned soils 
(Ebel and Moody, 2017), which suggests that sorptivity rather than Ks may be more consistently affected by wildfire. 
Decreases in percent bare ground lead to less hillslope erosion, which subsequently decreases the amount of sediment 
transported into the channel network (where debris flows are likely to form) and reduces the sediment bulking 
processes that can increase flow depths and discharges. However, since simulations that neglect vegetation recovery 
still suggest a 7.5 mm/h increase in the 15-minute rainfall ID threshold, we conclude that changes in infiltration 
capacity have a greater impact on temporal variations in the rainfall ID threshold relative to changes in percent bare 
ground. 
Simulations also offer insight into how debris flow magnitude can be expected to change with rainfall intensity and 
time since burning. Simulations indicate that debris-flow volume increases, up to a point, with increasing I15 (Figure 
4). Gartner et al. (2014), in contrast, found that debris-flow volumes increase monotonically with I15 based on a large 
dataset of estimated volumes from post-wildfire debris flows throughout the Transverse Ranges of southern CA. The 
difference between our model results and field observations could be partly due to the definition of debris flow 
employed here, which requires that the sediment concentration exceed 40%. As I15 increases, the modeled erosion 
volumes increase monotonically but debris-flow volumes remain steady or decrease due to increased water runoff, 
which can dilute portions of the flow to sediment concentrations less than 40%. Since debris flow volumes estimated 
in the field are based on the amount of sediment deposited in debris basins or estimates of erosion occurring during 
debris-flow-producing rainstorms (e.g. Gartner et al., 2014), they may include sediment transported through a 
combination of water-dominated flood, debris flood, and debris-flow mechanisms. Regardless, it is clear that debris 
flow volumes appear to change more dramatically (i.e. a factor of roughly 3) between year 1 and year 2 compared to 
the I15 rainfall threshold (Figure 4), which increases by approximately 40%. Note that the high debris-flow volumes 
simulated in year 2 during a case with no vegetation recovery likely exceed those predicted for year 1 due to the fact 
that increased water runoff in year 1 will dilute some of the flows so that they have a concentration less than the critical 
value of 40%.  
While we focus on a particular geographic region, the San Gabriel Mountains in southern CA, the modeling 
framework presented here can be used in combination with estimates of post-wildfire infiltration rates from other 
regions (e.g. Moody et al., 2009; Nyman et al., 2011; Robichaud et al., 2016) to quantify the impact of changing soil 
hydraulic properties on debris-flow magnitude and initiation thresholds. Similarly, satellite-derived metrics of 
vegetation recovery, such as the enhanced vegetation index (e.g. Kinoshita and Hogue, 2011), could be used to drive 
temporal changes in percent ground cover within the model framework. Developing relationships between measurable 
hydrologic variables, ground cover characteristics, and debris flow properties is a necessary first step towards assessing 
how debris flow threats are likely to evolve with time following wildfire in different geographic regions. 
Conclusions 
Disturbance following wildfire leads to an increased potential for runoff-generated debris flows. The hazards posed 
by debris flows decrease with time following wildfire as soils and vegetation recover. In this study, we monitored 
changes in soil hydraulic properties and percent bare ground at a site in southern California and used a numerical 
model to determine how temporal changes in these two variables affect debris flow volumes and initiation thresholds. 
Simulations suggest that the threshold I15 rainfall intensity that triggers debris flows at our study site in the San Gabriel 
Mountains will increase by approximately 40%, from 27.5 mm/h to 37.5 m/h. In addition, if debris flows do initiate in 
the second post-wildfire year, simulations indicate they will be roughly three times smaller (even if sediment supply 
does not decrease between year 1 and year 2). Although we focus here on post-wildfire debris flows, the methodology 
used to assess changes in runoff-generated debris flow susceptibility could be applied in other settings, including rocky 
alpine regions, where runoff-generated debris flows may occur. 
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Abstract 
The destructive and deadly nature of debris flows has motivated research into empirical rainfall thresholds to provide situational 
awareness, inform early warning systems, and reduce loss of life and property. Disturbances such as wildfire and land-cover change 
can influence the hydrological processes of infiltration and runoff generation; in steep terrain this typically lowers empirical 
thresholds for debris-flow initiation. However, disturbance impacts, and the post-disturbance recovery may differ, depending on 
the severity, nature, extent, and duration of the disturbance, as well as on the prevailing hydroclimatic conditions. Thus, it can be 
difficult to predict impacts on debris-flows hazards in regions where historically such disturbances have been less frequent or 
severe. Given the increasing magnitude and incidence of wildfires, among other disturbances, we seek to develop a conceptual 
framework for assessing their impacts on debris-flow hazards across geographic regions. We characterize the severity of 
disturbances in terms of changes from undisturbed hydrologic functioning, including hillslope drainage and available unsaturated 
storage capacity, which can have contrasting influences on debris-flow initiation mechanisms in different hydroclimatic settings. 
We compare the timescale of disturbance-recovery cycles relative to the return period of threshold exceeding storms to describe 
vulnerability to post-disturbance debris flows. Similarly, we quantify resilience by comparing the timescales of disturbance-
recovery cycles with those of disturbance-recurrence intervals. We illustrate the utility of these concepts using information from 
U.S. Geological Survey landslide monitoring sites in burned and unburned areas across the United States. Increasing severity of 
disturbance may influence both recovery timescales and lower the return period for debris-flow inducing storms, thus increasing 
the vulnerability to disturbance-related hazards while also decreasing system resilience. The proposed conceptual framework can 
inform future data acquisition and model development to improve debris-flow initiation thresholds in areas experiencing 
increasingly frequent, severe, and even overlapping landscape disturbances.   
Keywords: disturbance; hydrologic thresholds; rainfall threshold; debris flows; wildfire; resilience; vulnerability 
1. Introduction
Debris flows are a particularly damaging and deadly category of landslides, which move rapidly down steep slopes
and channel networks (Iverson, 1997; Coe et al., 2008). Investigations of hydrologically triggered debris flows often 
focus on the historical rainfall conditions measured during widespread landsliding events, which has facilitated the 
development of critical rainfall intensity-duration (ID) thresholds for situational awareness (Caine, 1980; Keefer et al., 
1987; Kean et al., 2011; Jakob et al., 2012). These ID thresholds are a simple empirical proxy for the complex 
hydrological processes of infiltration, drainage, and runoff, which influence the force imbalance that triggers failures 
(Lu and Godt, 2013; Sidle and Ochiai, 2013). Despite recent efforts to develop hydro-meteorological thresholds that 
incorporate these processes (Mirus et al., 2018; Bogaard and Greco, 2018), empirical ID thresholds are constrained to 
a specific geographic area and, within this area, limited to hillslopes with similar hydrologic conditions (Guzzetti et 
al., 2008; Baum and Godt, 2010). As a consequence, such thresholds are stationary and non-transferrable to different 
regions, as they do not account for the dynamic influence of climate and land-use changes or other disturbances.  
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In zero-order basins that are typical of debris-flow source areas, the balance between rainfall input via infiltration, 
unsaturated soil storage, drainage, and runoff is controlled by soil-hydraulic properties, climate, topography, and land 
cover (Mirus and Loague, 2013; Sidle et al., 2018). Landscape disturbances can influence this hillslope water balance 
by abruptly changing these properties and process thresholds, which impacts hydrologic functioning (Ebel and Mirus, 
2014; Mirus et al., 2017a). One important hydrologic function in soil-mantled hillslope environments is balancing 
drainage and storage to maintain slope stability (Mirus et al., 2017b). Efficient subsurface drainage during large storm 
events can limit slope failures, but slopes must also store some water between storms to support transpiration by 
vegetation, whose root strength reinforces slopes.  
A wide variety of land-cover disturbances can influence the hillslope water balance across various landscapes and 
hydroclimatic settings in different ways. Wildfires reduce infiltration capacity, thereby increasing the likelihood of 
runoff-generated debris flows during relatively moderate rainfall events (Cannon, 2001; Staley et al., 2013). Following 
the recovery of soils impacted by wildfire, the lack of vegetation can increase the potential for landslides due to reduced 
root reinforcement or decreased interception and transpiration. Deforestation and road construction also limit root 
reinforcement and impact subsurface drainage, which can increase landslide susceptibility during prolonged storms 
(Swanson et al., 1975; Mirus et al., 2007). Previous landslides are another type of disturbance that influence the 
potential for further slope failures. Debris flows that evacuate mobile material can decrease the potential for a 
subsequent landslide until the source material is replenished (Imaizumi et al., 2015). However, when failed earth 
materials are not completely evacuated a positive feedback cycle of repeated landsliding or catastrophic debris flows 
may result (Iverson et al., 2015; Mirus et al., 2017b; Samia et al., 2017; Morino et al., 2018). 
The area of the Earth’s surface affected by wildfire and vegetation clearing is likely to continue rising (Cannon and 
DeGraaf, 2009; Mirus et al., 2017a), as is the frequency of extreme storm events. In this context, we propose a 
generalized conceptual framework for understanding disturbance impacts on associated debris-flow hazards. Our 
approach relates the transient changes caused by disturbances to the underlying hydrologic processes that trigger debris 
flows by relating the hillslope storage-drainage concept from disturbance hydrology (Ebel and Mirus, 2014) to the 
hydrologic cause-trigger concept proposed for improving hydrologic process representation in landslide early warning 
thresholds (Bogaard and Greco, 2018).  
2. Contrasting Debris-Flow Initiation Mechanisms
Debris flows involve substantial water contents with entrained sediment to maintain high pore-water pressures that 
enhance mobility (Iverson, 1997), and thus they are largely associated with rainfall triggering events. The high risk 
typically associated with debris flows has prompted an abundance of studies to identify critical rainfall thresholds for 
specific regions or conditions. However, when investigating the regional variations between rainfall triggering events, 
it becomes apparent that different underlying hydrological processes may dominate, depending on the hydroclimatic 
setting. In some regions, debris flows are associated with prolonged heavy rainfall, where steady infiltration into 
water-logged soils results in catastrophic and widespread slope failures (Crosta and Dal Negro, 2003; Coe et al., 2014; 
Wooten et al., 2016). In contrast, debris flows are also triggered in arid or semiarid settings and in areas disturbed by 
wildfire after only a brief period of higher rainfall intensity without distinct correlation to the initial moisture 
conditions (Cannon, 2001; Kean et al., 2011; Staley et al., 2013). These contrasting rainfall-triggering conditions 
reflect different hydrological processes and corresponding debris-flow initiation mechanisms (Cannon et al., 2001), 
which may also exhibit different geomorphic features (Morino et al., 2018; Staley et al., 2019). However, both 
initiation mechanisms tend to require steep terrain with available mobile regolith.  
In the case of wildfires, changes in near-surface hydraulic properties promote infiltration excess runoff (Moody et 
al., 2013), which can trigger rapid mobilization of available sediment and debris in stream channels within burn 
affected areas (Kean et al., 2013). This frequent phenomenon across arid and semiarid regions of the western United 
States has informed the development of short-duration rainfall intensity thresholds and other empirical metrics for 
rapid burn-area hazard assessments (Cannon et al., 2011; Staley et al., 2013). This empirical approach has been used 
in conjunction with quantitative precipitation forecasts to provide situational awareness of potential hazards in advance 
of incoming storms across the western United States (Oakley et al., 2017; Staley et al., 2017). Subsequent research 
has focused on distributed numerical models parameterized with measured (or measurable) soil properties to simulate 
the coupled surface and subsurface hydrological processes in burned areas (Ebel et al., 2016; McGuire et al., 2018). 
In southern California a more simplified process-based model of infiltration-excess runoff also compares well to 
measured debris-flow timing (Rengers et al., 2016). 
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Recent fires in more humid regions in Oregon and North Carolina created a need for U.S. Geological Survey 
(USGS) post-fire hazard assessments that were developed with the same empirical methods that assumes infiltration-
excess runoff (https://landslides.usgs.gov/hazards/postfire_debrisflow/). Neither the empirical approach nor process-
based modeling of post-fire debris flows have been rigorously evaluated in these humid settings, so it remains unclear 
how broadly transferrable either approach is to these types of environments where wildfire is typically infrequent and 
less severe. In Australia, the enhancement of post-fire runoff response correlates with aridity (Van der Sant et al., 
2018), which indicates that the post-disturbance impacts are strongly related to hydroclimatic setting. In the semiarid 
western U.S. streamflow has increased significantly following wildfire, but in the humid southeast no change in 
streamflow was observed following prescribed fires, because they are characterized by low fire severity and generally 
cover less than 20% of a basin, a critical threshold for fire impacts on streamflow (Hallema et al., 2018). Thus, wildfire 
and other disturbances may not have a universal impact on debris-flow hazards across different geographic regions.  
3. Monitoring Post-Disturbance Hydrologic Response
Limited observations of pre-and-post disturbance conditions is a major challenge in disturbance hydrology (Ebel 
and Mirus, 2014; Mirus et al., 2017a). Fortuitously, three USGS landslide monitoring sites in western North Carolina 
with similar instrument configurations (https://usgs.gov/natural-hazards/landslide-hazards/monitoring) provide an 
opportunity to directly examine the impacts of wildfire on hillslope hydrologic response in steep terrain that is 
particularly prone to debris flows. In 2016, prolonged drought contributed to numerous wildfires in the southern 
Appalachian Mountains. The Poplar Cove monitoring site was burned by the Knob Fire in November 2016, while the 
Mooney Gap and Bent Creek sites were not directly impacted by the various wildfires in the region. At Poplar Cove 
the duff groundcover and understory vegetation were largely incinerated, but the soils were relatively undisturbed and 
the larger trees on the hillslope survived the fire (Fig. 1). Site visits to the nearby Party Rock, Chimney Tops II, Rock 
Mountain, Tellico, and Maple Springs fires in North Carolina, Tennessee, and Georgia confirmed that the limited 
impacts of relatively low burn severity observed at Poplar Cove were common across the southern Blue Ridge 
physiographic province of the Appalachian region. 
Fig. 1. The Poplar Cove monitoring site before and after the November 2016 Knob Fire: (a) during summer 2014, and (b) on March 9, 2017.  
Regrettably, some of the instrumentation at Poplar Cove was damaged by the Knob Fire, and instruments at 
Mooney Gap were disturbed by wildlife following the fire, so the otherwise continuous data were disrupted for several 
months until we repaired the instruments during a site visit in early March 2017. Despite this data loss, comparison of 
the hillslope hydrologic response time series for shallower soil moisture and deeper pore-water pressure from all three 
sites before and after the wildfire reveals no clear impacts on infiltration events during the fall and winter months 
when soils remain wetter (Fig. 2). Similarly, field observations during the site visit did not reveal impacts on 
hydrophobicity or infiltration capacity. During the transition from spring to summer, when increased 
evapotranspiration rates lead to gradual and sustained drying, the pore pressures and soil water contents at Poplar 
Cove displayed similar drainage to the other two sites in the year before the fire. After the fire, deeper pore-water 
pressures at Poplar Cove exhibit a prolonged drainage that is likely the result of decreased interception and lower 
transpiration by the canopy and understory vegetation in the disturbed area. Considering that debris flows in the 
southern and central Appalachians are often infiltration triggered during hurricanes and tropical storm events in the 
summer and early fall, this delayed drainage has potentially important implications for slope stability.  
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Fig. 2. Time-series of tensiometer measured pore-water pressures at the burned (Poplar Cove, orange line) and unburned (Mooney Gap, blue line; 
Bent Creek, green line) sites in western North Carolina, measured before and after the November 2016 Knob Fire. Instruments at Poplar Cove 
and Mooney Gap were damaged during and shortly after the wildfire, which disrupted continuous data collection through March 9, 2017.  
Despite the temporary increase in susceptibility to infiltration-triggered debris flows during the early-mid summer 
of 2017, there were no reports of debris flows in the numerous burn areas since the 2016 wildfires. This lack of 
reported debris flows is not entirely consistent with our measured rainfall relative to the 15-minute rainfall thresholds 
indicating 50% probability of runoff-generated debris flows calculated for the USGS post-fire hazard assessments 
(Fig. 3). However, these thresholds assume the infiltration-excess runoff mechanism triggers debris flows, rather than 
subsurface pore-pressure development. In contrast, hillslope hydrologic monitoring data suggest that antecedent soil 
moisture is affected by the fire rather than infiltration rates. Therefore, a more complex conceptual model may be 
needed to fully assess post-disturbance impacts on hydrologic response and debris-flow hazards. For either runoff or 
infiltration triggered debris-flow initiation mechanisms, the extent of the impacts of wildfire disturbance were not 
sufficiently severe to lower debris-flow initiation thresholds to levels below the measured storms in 2016-2017. 
Fig. 3. Time-series of 15-minute peak rainfall intensity measured in areas that burned in November 2016 across North Carolina, relative to USGS 
calculated thresholds for 50% probability of post-fire debris flows (dashed red line). Gap in data at Chimney Rock fire likely due to clogged rain 
gage.  
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4. Disturbance Severity and Recovery of Hydrologic Function
Disturbances are abrupt, but inherently transient phenomena; following a disturbance, hydrologic functioning of a 
landscape generally recovers or shifts to a new equilibrium (Ebel and Mirus, 2014). When assessing the impacts of 
disturbances on debris-flow hazards, the magnitude of the disturbance impacts as well as the timescales of the 
disturbance-recovery cycle and disturbance recurrence interval are relevant.  
After several years, soil hydraulic properties altered by wildfire gradually return towards pre-disturbance conditions 
(McGuire et al., 2016; Ebel and Martin, 2017; Chandler et al., 2018), vegetation canopy regrows, and 
evapotranspiration recovers (Poon and Kinoshita, 2015; Kinoshita and Hogue, 2018). Similarly, several years after 
timber harvesting forests regrow and establish some root strength to stabilize slopes, though long-term impacts of 
anthropogenic disturbances may persist for centuries (Schmidt et al., 2001). Landslide deposits also recover from the 
disturbance impacts through the processes of pedogenesis, bioturbation, and revegetation (Mirus et al., 2017b), though 
indications are the timescale of recovery may take several decades (Samia et al., 2017).  
The magnitude of disturbance impacts, which influences changes in hydrologic function from the pre-disturbed (or 
normal) to the disturbed state, can be conceptualized in terms of changes that promote either runoff connectivity or 
available subsurface storage (Ebel and Mirus, 2014). Runoff generation mechanisms include those governed by the 
ratio of unsaturated storage capacity versus the cumulative storm totals (i.e. subsurface stormflow and saturation 
excess overland flow), and the ratio of infiltration capacity to rainfall intensity (i.e. infiltration excess overland flow) 
(Mirus and Loague, 2013). Similar hydrologic end-members of limited infiltration capacity and limited unsaturated 
storage can represent the continuum of disturbance impacts on debris-flow initiation potential. Assuming hillslope 
systems evolve within their hydroclimatic setting to drain water during typical storm events, and also retain water 
between storms to support vegetation, one can characterize how disturbances contribute to a hillslope water imbalance. 
Both of these contrasting impacts can decrease the factor of safety for debris-flow initiation, but in opposite ways, 
which is demonstrated for burned and unburned sites in different hydroclimatic settings (Fig. 4). In southern 
California, increased burn severity promotes connectivity of infiltration-excess runoff generated on hillslopes into 
sediment-laden channels where debris flows initiate (McGuire, et al. 2018), but vegetation recovers rapidly increasing 
transpiration and root strength. In contrast, a landslide on the coastal bluffs of Puget Sound in Washington reduced 
subsurface drainage relative to neighboring vegetated hillslopes, which creates a storage imbalance that promoted 
prolonged susceptibility to recurring slope failures (Mirus et al., 2017b). Our North Carolina monitoring data reveal 
that for the low severity burn, the disturbed landscape retains more moisture (Fig. 3) and remains more susceptible to 
infiltration-triggered debris flows during the subsequent hurricane season. The conceptual diagram relating these cases 
in Fig. 4 illustrates how shifts in hydrologic processes due to the immediate impacts of wildfire may differ with 
hydroclimatic settings, but also that different disturbances can result in similar decreases in factor of safety with 
variable recovery timescales and trajectories.   
Fig. 4. Conceptual diagram of disturbance impacts on runoff connectivity versus available subsurface storage, and the resulting changes in factor 
of safety. In undisturbed settings water retention and drainage are balanced to maintain slope stability for a typical storm event (large circle). In 
different post-disturbance environments changes in hydrologic function reduce factor of safety and recovery rates depending on the hydroclimatic 
settings (blue arrows): California wildfire, (CA), North Carolina wildfire (NC), and Washington landslide disturbance (WA).   
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5. Vulnerability and Resilience to Disturbances of Different Magnitude
For a given site or area, the timescale of the disturbance-recovery cycle for a different type and/or severity of 
disturbance is important for assessing temporal persistence of elevated debris-flow hazards. The vulnerability to post-
disturbance debris flows is related to the return period of the corresponding triggering storm event, and the resilience 
is related to the recurrence interval for the disturbance of interest. A disturbed system where the recovery time is much 
slower than the recurrence interval for triggering storm event is highly vulnerable to debris flows, whereas a system 
that recovers rapidly or infrequently experiences potential triggering events is less vulnerable. A system where the 
recovery time is slower than the return period of the disturbance will experience ongoing disturbance impacts, whereas 
a resilient system will tend to recover faster than the recurrence interval of the disturbance. The potential utility of 
these concepts is illustrated in Fig. 5 with the three example disturbances from monitoring sites in southern California, 
western North Carolina, and Puget Sound, Washington. These concepts in Fig. 5 can also be expressed as non-
dimensional ratios to quantitatively define vulnerability and resilience. Disturbance magnitude is more difficult to 
quantify, but it could be expressed as the ratio of change in hydrologic function from the original, undisturbed state.   
Burn severity is one proxy for disturbance magnitude that dominates the likelihood of debris flows in empirical 
models (Staley et al, 2013) and is conceptually related to the changes in hydrophobicity and other hydraulic properties 
in process-based models (McGuire et al., 2018; Rengers et al., 2016). Wildfire with moderate to high burn severity on 
steep terrain will drastically lower the 15-minute rainfall intensity associated with runoff-triggered debris flows. In 
the Western U.S., the severity of wildfire impacts on hydraulic properties and the frequent recurrence of moderate 
intensity rainfall events means that post-fire debris flows are likely to occur before the system can recover. In southern 
California wildfire recurrence interval is on the order of several decades, post-fire recovery is on the order of several 
years, and the return period of a critical storm for post-fire debris flows is on the order of every year or less. Therefore, 
areas that do burn are quite likely to experience post-fire debris flows prior to recovery. Thus, within this framework 
Southern California is classified as system that is resilient, but vulnerable to runoff-triggered post-fire debris flows. 
However, the decay in water repellency varies and recovery timescale of other soil hydraulic properties and vegetation 
following wildfire varies by region (Dyrness, 1976; Wondzell and King, 2003; Larsen et al., 2009).  
In North Carolina, even low-severity wildfire is infrequent and repeated site visits to burn areas in 2017 and 2018 
confirmed that the understory vegetation and duff layer recovered rapidly due to the uniform distribution of rainfall 
throughout the year. These observations combined with minimal differences between burned and unburned hydrologic 
response only two years after the Knob Fire suggests that the southern Appalachians are not particularly vulnerable, 
and also quite resilient to post-fire debris flows. During a typical year in Puget Sound, multiple landslide-triggering 
storms occur along the coastal bluffs between December and April, but insufficient data exists to distinguish between 
storms that trigger repeated failures versus those that initiate new failures. Assuming a 25-year recovery time 
determined for first-time landslides elsewhere (Samia et al., 2017), the Puget Sound system is highly vulnerable and 
not particularly resilient to landslide disturbances. Of course, changes in climate can impact the recurrence interval 
and recovery timescale of disturbances such as wildfire, as well as the return period for a storm of given intensity or 
duration, all of which could also be accommodated within the vulnerability and resilience conceptual framework. For 
example, shorter return periods of severe storms and increased frequency of wildfire would result in more vulnerable 
and less resilient systems, respectively.  
Fig. 5. Plots comparing the timescales of disturbance-recovery cycles for NC, CA, and WA, relative to the (a) return period of a post-disturbance 
debris-flow triggering storm to illustrate the concept of vulnerability, and (b) recurrence interval of the same disturbance to illustrate resilience.   
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6. Conclusions
We propose a conceptual framework to assess possible variability in how disturbances impact hydrologic process 
and corresponding debris-flow initiation thresholds across different geographic regions. Increases or decreases in 
hillslope runoff connectivity or subsurface drainage provide a metric for assessing the magnitude of disturbance 
impacts on two contrasting debris-flow initiation mechanisms. These qualitative concepts can be related to quantitative 
measurements of changes in infiltration or available soil moisture storage capacity in undisturbed and post-disturbance 
settings, and the corresponding reduction in rainfall triggering conditions for a given hydroclimatic setting. The 
timescales of the disturbance-recovery cycle relative to the return period for corresponding debris-flow triggering 
storm and recurrence interval for that disturbance provide metrics for assessing the vulnerability versus the resilience 
of the system. Examples from USGS monitoring sites in contrasting disturbed settings across the U.S. illustrate the 
utility of this conceptual framework for understanding how disturbances may impact debris flow hazards. In the 
context of climate and land-use change, and increasing wildfire disturbances, this conceptual framework can inform 
future data collection efforts and improved modeling of thresholds for post-disturbance debris-flow hazards.  
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Abstract 
Forested catchments are critical to water supplies in major cities around the world. As wildfire and extreme rainfall become 
more frequent, water supply systems are facing an increasing threat of contamination from erosion. In southeast Australia 
debris flows are particularly problematic because they produce sediment loads that are likely to impact water treatability to the 
point where water supply interruptions are likely. Assessing the threat of water supply interruptions and evaluating mitigation 
options is complex, because there are many factors that affect the treatability of the water. For example, the magnitude, 
frequency and spatial extent of debris flows, entry points of sediment into reservoirs, particle size distribution of sediment, 
reservoir hydrodynamics, and location of the potable water offtake are factors likely to determine to how debris flows translate 
to treatability of water at the offtake. In this paper we couple a post-fire debris-flow model with a reservoir hydrodynamic 
model to estimate the probability and duration of water contamination in a water supply catchment burned by wildfire. Central 
to this paper is the technique of coupling two models into a risk framework that gives probabilities to the number of days that 
sediment concentration thresholds for water treatment are exceeded at the offtake. The work is set in the Upper Yarra 
catchment, which supplies a major reservoir for the city of Melbourne (population ~ 4M). The results show that wildfires pose 
a substantial threat with relatively high likelihood (exceedance probability between 0.2 and 0.5) for water supply interruptions 
in the order of several months to a year. The cost of such interruptions could be > AU$100 million. The framework presented 
provides a direct link between geophysical models and metrics that are used by water supply authorities in strategic planning 
around resource allocation and cost-benefit analysis of alternative mitigation options. 
Keywords: Post-wildfire debris flows; water quality; reservoir hydrodynamcis; water supply; treatability; risk assessement
1. Introduction
The threats to water supply systems from post-wildfire erosion are a concern in fire-prone and mountainous
catchments (Bladon et al., 2014; Martin, 2016; Smith et al., 2011). In the southeast (SE) Australian uplands, large 
impacts on water quality after fire are often attributed to post-fire debris flows (Nyman et al., 2011). These extreme 
erosion events produce sediment loads that are 1-2 orders of magnitude higher than other post-fire erosion 
processes and are therefore likely to result in sediment concentrations that exceed treatability thresholds in water 
supply systems. There are numerous examples in the region of major impacts on reservoir water quality and water 
supply systems due to post-fire debris flows (Smith et al., 2011; White et al., 2006). The risk to water supply 
systems is difficult to predict with uncertainties in the hydro-geomorphic response models, propagation of 
sediment within the reservoir, and stochastic variation in fire and rainfall (Nyman et al., 2013). However, with the 
future likelihood of increased extreme fire-inducing weather (Dowdy, 2017; Westerling et al., 2006) and 
increasing rainfall intensities (Guerreiro et al., 2018) the demand for predictive models is becoming pressing. 
There are numerous uses for models that predict water quality impacts. On an operational level, models that 
reveal spatial variation in the erosion susceptibility provide catchment managers with a means to prioritize risk 
mitigation through fuel reduction or post-wildfire response. In such cases, spatial mapping of erosion risk in a 
relative sense (e.g. Sheridan et al., 2009) may be sufficient to provide effective tools for allocating resources and 
mitigating risk in the areas of the catchment that are most likely to be producing sediment. When developing 
strategic plans and making decisions about the future management of a water resource, the demands on predictive 
models increase. For instance, a water supply agency may want to determine if there is a case for upgrading water 
treatment capability or adjusting the water supply network to reduce the likelihood of water supply interruptions 
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due to wildfires. In this setting, a detailed understanding of risk is required for cost-benefit analysis to inform 
decisions about such investments.  
Here we present a novel approach for predicting risk associated with post-fire debris flows in water supply 
systems. In the context of post-fire erosion, the term risk is often used loosely to describe an approach in which 
models provide a basis for identifying threats (e.g. Hosseini et al., 2018; Sheridan et al., 2009). With our modeling 
approach described in this paper we define risk to water supply as the ‘probability of a consequence’ (Aven, 2011), 
where the consequence is the number of days that sediment concentration of water at the reservoir offtake exceeds 
water treatment capacity. This study focuses on water quality impacts on reservoirs in SE Australia, but the 
approach is generally applicable to other landscapes where post-fire debris flows occur in catchments upstream of 
water supply reservoirs (e.g. Gartner et al., 2014; Riley et al., 2013; Staley et al., 2016)  
2. Study Area
The study was carried out in the Upper Yarra catchment, which is located ~100km east of Melbourne in SE
Australia and flows into a 200 GL reservoir that is central to the potable water supply to more than 4 million 
people. The reservoir also receives transfers from the larger nearby Thomson Reservoir. Unfiltered water from the 
Upper Yarra reservoir is then transferred to smaller off-stream storages before treatment and supply into the 
metropolitan distribution network. The hydrodynamics of the reservoir is governed by strong summer thermal 
stratification and complete winter mixing. During stratification, inflow intrusions typically form distinct layers of 
neutrally buoyant ingress that can travel the length of the reservoir (8 km), typically in the upper strata, in as little 
at 6 days, offering very limited dilution of the flows and short response times for avoiding or managing the 
potential for extraction of poor-quality water. Once at the dam wall, the rapid mixing of sediment in the water 
column means that there are limited opportunities to mitigate water supply disruptions by adjusting the depth of 
the water offtake.  
The ~ 337 km2 Upper Yarra catchment includes mixed species of dry Eucalyptus forests at lower elevations 
and on equatorial facing slopes, wet forests dominated by Mountain Ash (Eucalyptus regnans) at higher elevations, 
and damp mixed species forest in intermediate locations. The relief is 850 m and based on the Köppen 
classification the climate is temperate with no distinct dry season and mild to warm summers. Annual rainfall at 
the reservoir dam wall is ca 1100mm yr-1. At the catchment divide, the rainfall is ~1700 mm yr-1. The geology is 
predominantly sedimentary, and the soils are typically clay loams. 
3. Methods
3.1. Overview 
The model includes two components for predicting the probability of interruption to water supply from post-
fire debris flows. One component predicts fine sediment (silts and clays; particle diameter < 0.02 mm) delivery 
from debris flows in headwaters (above second-order drainages), while the other predicts the propagation of fine 
sediment towards the water offtake after it has been delivered into the reservoir. The two models are coupled 
conceptually in a risk framework, which presents outputs from the two models in terms of the probability and 
duration of water contamination events that exceed the treatment threshold (Fig 1). The model was implemented 
in the Upper Yarra catchment to evaluate risk after a high fire-severity scenario, which was sourced from fire 
severity distributions during the Black Saturday Wildfires of 2009. The problem is broken up into several 
components: 
Estimating the magnitude of sediment delivery from debris flows given rain storms of different annual
exceedance probabilities (AEPs). 
Modelling the propagation of pollutant plumes through the reservoir for different sediment input scenarios.
Defining the sediment concentration thresholds for water treatment and delivery.
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Fig. 1. (a) Model overview showing the workflow for producing a risk metric from transfer functions that couple an erosion model with a 
reservoir hydrodynamics and reservoir sediment transport model. (b) Example of the final risk metrics which is the probability of 
consequence. The probability of a range of sediment input events was calculated using a debris-flow response model coupled with storm 
cells with known AEP from a radar archive. The propagation of sediment from input locations to the reservoir offtake was then modelled 
using a range of the possible sediment input scenarios. 
3.2. Debris-flow response model 
The probability of initiating a post-fire debris flow depends on catchment attributes, fire severity and local 
rainfall regime. The model of post-fire debris flow-initiation is described in detail by Langhans et al. (2016). The 
slope must be steep enough, with sufficient available sediment on the hillslopes, and the soils must be sufficiently 
impermeable. Debris flow probability model input parameters are derived only from the zero-order convergent 
basins (~ 2 ha) of each headwater catchment, as these are the potential debris-flow initiation areas (Cannon et al., 
2001). The critical rainfall intensity required to initiate a debris flow in each headwater depends on fixed properties 
such as slope, and other properties that depend on soil and fire severity, which vary in space and time. The 
probability of initiating a debris flow depends on the probability of receiving a rainfall event that exceeds critical 
12-minute rainfall intensity thresholds (I12) in each zero-order basin. Storm cells obtained from an archive of radar 
rain fields were simulated at random locations within the catchment. The probability of each rainfall event is based 
on the intensity-frequency-duration (IFD) rainfall statistics for the headwater location provided by the Bureau of 
Meteorology (BOM). 
The magnitude (load in Mg) of a debris flow once it is initiated depends principally on the slope of the 
catchment and on the amount of runoff and sediment available for erosion, which is often strongly related to the 
catchment area. Here we predict the volume of the debris flow (once initiated) using a slope-area landscape 
analysis described in Nyman et al. (2015). Volumes of debris flow were calculated for each headwater individually 
at the outlet of first-order streams. The models estimate debris-flows volumes based on characteristics of only the 
zero- and first-order basins with the outlets located at the point where second-order streams begin. Scour or 
deposition of sediments in channels between the outlet of first-order streams and the reservoir are neglected. 
During implementation of the model with simulated storms, all the loads from first-order catchments were 
accumulated for cases where rainfall intensities exceeded debris-flow thresholds.  
The particle size distribution of sediment delivered by debris flows (Table 1) were calculated from size 
distribution data collected from hillslopes, colluvium, and channels where post-fire debris flows have occurred in 
the past (Nyman, 2013). For particles with diameter (D) < 1 mm, the distribution was obtained with a laser particle 
size analyzer. For D 1 mm, the distribution was obtained by sieving (30 mm > D  1) and visual assessment (D 
 30 mm). When calculating the particle size distribution at the outlet of headwaters, the particle size distribution 




Table 1. Particle size of debris-flow material from (Nyman, 2013) 
Particles Size range [mm] Proportion [%] 
>Sand D>2 62
Sand 2> D  0.02 16 
Silt 0.02>D 0.002 14
Clay D<0.002 8
3.3. Propagation of pollutant plumes within the reservoir 
The three-dimensional Aquatic Ecosystem Model (AEM3D) is a coupled hydrodynamics and water quality 
(including sediments) model that was used to simulate the propagation of the sediment plume through the Upper 
Yarra reservoir. AEM3D is built on a finite volume numerical grid scheme (Hodges et al., 2000) that solves the 
unsteady, viscous Navier-Stokes equations for incompressible flow. The model was forced using meteorological 
data collected from a weather station moored near the dam wall and inflow and outflow monitored by the 
Melbourne Water Supervisory Control and Data Acquisition (SCADA) system. Thermistor chain data from the 
same mooring and boat deployed conductivity-, temperature- and depth- (CTD) profiles have been used in 
previous studies to calibrate the model. The post-fire debris-flow sediment loads (in Mg) were input into the model 
at four locations around the perimeter of the reservoir that have high probabilities of generating debris flows after 
fire. Particle densities used in the model are rock/gravel = 2.22 g cm-3 and primary soil particles (D < 0.02 mm) = 
2.65 g cm-3. The number of days with untreatable water at the water offtake was calculated assuming a sediment 
concentration threshold of 5 mg L-1. 
4. Results
4.1. Debris-flow response model 
Rainfall thresholds for post-fire debris flows (I12) range from ~50 to >250 mm h-1 (Fig 2a). The headwaters with 
lower rainfall thresholds are located near the reservoir at lower elevations where the mean annual precipitation is 
lower and where infiltration rates are lower. The rainfall thresholds in the upper region of the catchment are very 
high (> 250 mm h-1), and therefore highly unlikely to produce debris flows. Annual exceedance probabilities 
(AEPs) range from ~ 0.5 for I12 = 50 mm h-1 to < 0.01 for I12 > 250 mm h-1. The modelled clay loads from individual 
headwaters ranged from 5.5 to 398 Mg with a median of 62 Mg (Fig 2b). 
Fig. 2. (a) Rainfall thresholds for post-fire debris flows in the Upper Yarra catchment (b) Distribution of clay loads, Mc, expected from 
individual first-order headwaters in the case of a debris flow. (c) Annual exceedance probability (AEP) of clay loads inputs to reservoir from 
debris flows after high-severity fire.  
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When simulating debris-flow response, the spatial variation in I12 means that the probability distribution of clay 
loads is very sensitive to where storms are located. The distributions of AEPs are shown for locations that are 
centered on cells in a 10 x 10 grid (grid cells = 3 x 3 km) over the catchment area (Fig 2c). The mass of clay, Mc, 
from debris flows entering the reservoir for a given storm varies depending on where the storm is located. For an 
AEP of ~0.3 the Mc ranges from 100 Mg to 5000 Mg depending on where the storm is located. The magnitude of 
spatial variation in probabilities decrease with the AEP of the rainstorm. 
4.2. Propagation of pollutant plumes within the reservoir 
The propagation of clay-sized particles to the reservoir offtake was not very sensitive to where sediment was 
input to the reservoir (Fig 3). For sediment classes greater than clay-sized, deposition on the reservoir bed occurred 
before they reached the offtake. Within clay-sized particles, it is the very fine fraction (D < 0.001 mm) that 
contribute to suspended sediment concentration at the offtake. Thus, the impact of an erosion event on 
concentration at the offtake is highly sensitive to the particle size distribution of the sediment delivered to the 
reservoir. The number of days exceeding a treatment threshold depends on the clay load, with clay loads of about 
8000 Mg causing between 450 to 550 days exceeding 5 mg L-1 and clay loads of about 1000 Mg causing about 75 
to 100 days exceeding 5 mg L-1. The relation is non-linear with the duration of exceedance increasing at a slower 
rate when at high input loads (Fig 3).  
Fig. 3. The relation between days of suspended sediment exceeding 5mg L-1 and input of clay at different sites (1-4) around the Upper Yarra 
reservoir.  
4.3. Probability of consequence 
Combining the results in Fig 2c and Fig 3 gives a distribution of probabilities for days of interrupted supply 
(Fig 4). The distributions are different depending on where in the catchment the storm cells are centered. However, 
all distributions are equally likely. Thus, the maximum impact shown in solid black line in Fig 4 is the most 
relevant one because that represents the highest risk to reservoir water quality. The duration of undeliverable water 
for exceedance probabilities of 0.5, 0.4, 0.3, 0.2 and 0.1, marked with arrows in Fig 4, are 15, 130, 320 and 450 
and 900 days, respectively. When centered on an erosion hotspot, a storm with an AEP of ~0.3 will produce about 
2000 Mg of clay from debris flows. This equates to ~30 times the median clay load (i.e. 62 Mg) from debris-flow 
producing headwaters. 
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Fig. 4. Annual exceedance probabilities (AEPs) for days of undeliverable water. Based on results in Fig 2c and Fig 3. The scatter plot is the 
number of days that water exceeds treatability threshold for storms cells with different exceedance probabilities. The variation stems from 
storm cells being centered on different locations in the catchment. The solid black line is the AEP when storms are centered at a location 
most susceptible to debris flows.  
5. Discussion
Using a novel method for quantifying water quality risk we estimate that a high severity wildfire in the Upper 
Yarra catchment can lead to water supply interruptions lasting for periods of months to years. The debris-flow 
susceptibility is spatially variable within the catchment, with hotspots on the eastern flank of the northern reservoir 
arm representing highest risk. These areas receive lower annual rainfall and have soil properties that are more 
likely to produce runoff than the those in high rainfall areas at higher elevation. This pattern stems from the way 
in which infiltration is parametrized in the debris-flow response model, where aridity and fire severity are both 
causing variation in infiltration (Langhans et al., 2016; Van der Sant et al., 2018). 
Much of the risk in Upper Yarra catchment can be attributed to a very small area. Thus, mitigation efforts can 
be highly targeted at specific areas of the water supply catchment. Possible means for risk mitigation could be fuel 
reduction burning in these areas to reduce fire intensity in the event of a wildfire. Post-wildfire hillslope treatments 
such as mulching or small check dams may also be possible mitigation options, to reduce loads and increase debris-
flow thresholds. In other water supply catchments, such as the Thomson Reservoir further to the east, the area of 
dry forest is much larger, and it is likely that the risk will be distributed more broadly. 
Future work will include using different fire severity distributions in the model to evaluate the how risk can be 
mitigated with fuel treatment. By modifying fire severity, it is possible to determine the cost and benefits of 
carrying out planned (or controlled) burning within the catchment. Model outputs are very sensitive to how storms 
are modelled, and future work may focus on other methods to model storms. In this paper we have used rain fields 
from radar to simulate possible erosion scenarios given storms with different return intervals. Using design storms 
and depth area reduction factors to simulate storms is another way of representing storms. Other approaches are 
available. There may be opportunities for instance to simulate designs storms using a 2D stochastic rainfall 
generators (e.g. Peleg et al., 2017). In future modelling efforts, the uncertainty stemming from rainfall, fire severity 
distributions and the two major model components will be quantified to give some error bounds on the predictions 
in Fig 4. 
The model was developed using the Upper Yarra catchment (and reservoir) as a case study. However, the 
approach of linking reservoir hydrodynamics with an event-based erosion model to quantify risk is generally 
applicable and could be applied to debris-flow prone water supply catchments elsewhere. The approach can be 
easily adapted to operate with debris-flow models that have been developed for other hydro-geomorphic settings 
(e.g. Gartner et al., 2014). 
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Abstract 
This work explores two hypotheses related to post-wildfire debris flows: first, that they are rainstorm-intensity limited and not 
rainstorm-volume limited, and second, that they are not sediment-supply limited.  The first hypothesis suggests that it is common 
to generate more than enough water to account for the volume in the debris flow, but to actually produce a debris flow the water 
must be delivered in sufficiently large doses.  This is demonstrated by a dataset of 44 debris flows from eight burned areas in 
California, Colorado, and Utah.  Assuming that a debris flow is composed of 30% water and 70% solids, these events were 
generated during rainstorms that produced an average of 17 times as much water as necessary to develop a debris flow.  Even 
when infiltration is accounted for, the rainstorms still generated an overabundance of water.  Intensity-dependence is also shown 
by a number of cases where the exact timing of debris flows can be pinpointed and are contemporaneous with high intensity 
bursts of rainfall.  The hypothesis is also supported by rainfall intensity-duration thresholds where high volume storms without 
high intensity bursts do not generate debris flows.  The second hypothesis, that of sediment-supply independence, is supported by 
data indicating the dramatic increase in volume of flows that occur directly after wildfire, as opposed to flows in unburned 
terrain.  Also, repeated flows within short time intervals are only possible with an abundance of channel sediment, dry ravel, and 
bank failure material that can be mobilized, and field observations confirm these sediment sources, even directly after a debris-
flow event. 
Keywords: water; intensity; sediment; balance 
1. Introduction
Because debris flows are usually triggered by rainfall events, there is often an implicit assumption that their
generation is rainfall-limited.  Along the same lines, the scouring of debris-flow channels during the event may be 
interpreted to limit the supply of sediment for future flows in the same channel.  The purpose of this study is to 
demonstrate that neither of these limitations applies to post-wildfire debris flows in particular settings, such as the 
Western United States.  Rainfall is still necessary, and sediment must be available to be mobilized into the flow, but 
the thresholds can be shown to be quite low, which is why post-wildfire debris flows are common, they are larger than 
flows in unburned areas, and they can occur repeatedly in the same channels.  Rainfall limitations are explored through 
water-balance calculations to demonstrate how rainstorms are partitioned into debris flows, infiltration, and runoff. 
Sediment supply is investigated through volume comparisons of burned and unburned source areas, field measurement 
of sediment sources, and records of repeated flows. 
2. Data sources
Our data for rainfall limitation can be found in Gartner (2005); however, portions of the data set are also available
in Cannon et al. (2008) and Cannon et al. (2003).  The data set contains field measurements from 44 drainage basins 
with post-wildfire debris flows, including debris-flow volume, basin area, aerial extent of burn severity, total rainfall, 
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rainfall duration, and storm rainfall intensity. The total rainfall amount (mm) for each basin was estimated using 
inverse distance weighting techniques based on the values of proximal rain gauges (Gartner, 2005).  The basins were 
burned in eight different wildfires in Colorado, California, and Utah.  The average size of the study basins is 
approximately 1 km2, however, basin area ranged from 0.01 km2 to 4.1 km2. Topography ranges from steep, rugged 
slopes to more gentle gradients (Cannon et al. 2008). Vegetation consists of juniper, shrublands, aspen, fir, grasslands, 
conifers, and chaparral (Cannon et al., 2008). The climate in the western United States is characterized by very dry, 
semi-arid periods followed by episodic intense rainfall. Summers are hot and dry, winters are cool and potentially wet 
(Moody and Martin, 2001; Cannon et al. 2008). The Colorado basins consist of sedimentary interbedded sandstone, 
siltstone, and conglomerate; the California basins consist of coarse crystalline igneous rocks (Cannon et al. 2008); and 
the Utah basins consist generally of “quartzite, sandstone, siltstone, schist, gneiss, and amphibolite” intruded by dikes 
and overlain by limestone and shale (McDonald and Giraud, 2002). 
The data for sediment supply can be found in Santi et al. (2008) and Santi and Morandi (2013), consisting of debris-
flow volume measurements with associated measurements of in-channel, sheetwash, and rill contributions for the Santi 
et al. (2008) dataset.  The study basins are located primarily in Colorado, California, and Utah, although Santi and 
Morandi (2013) also include data for comparison from Italy, British Columbia (Canada), Washington state (USA), 
and several other Western U.S. states. 
3. Conceptual model
The analysis of rainfall limitations is done through a water balance calculation, where each drainage basin is
idealized as a two-layer system, with ash overlying the soil column (this is a common simplification, used for example 
in Moody et al., 2009; Woods and Balfour, 2012; and Bodi et al., 2011).  Kinner and Moody (2010) suggest the two-
layer system exists because of the capillary barrier effect. This effect occurs because ash has much higher hydraulic 
conductivity and infiltration capacity than the underlying soil (Moody et al., 2009; Gabet and Bookter, 2011; Bodi et 
al., 2011).  Kinner and Moody (2010) note this barrier effect is most enhanced under dry conditions.  This model was 
also confirmed by Ebel et al. (2012), who measured soil water content profiles at a recently burned site and found that 
almost no water infiltrated below the ash layer. 
Because of the high initial infiltration capacity of the ash, we have assumed that 100% of the rainfall will infiltrate 
the ash layer until it reaches saturation, and any additional rainfall will run off.  This is a “fill and spill” infiltration 
model, where the capacity is not time variant, rather than a Hortonian model that includes time-variable infiltration 
(Gabet and Bookter, 2011).  The effects of evaporation and transpiration were not included due to the short duration 
of each rainfall event. 
Topography plays a significant role in runoff generation, and is undoubtedly a factor for the study basins, which 
generally have greater than 30-50% slope (Gartner 2005).  As a conservative approach, however, the model used in 
this study does not include the effects of topography, so the actual runoff is expected to be larger than the calculated 
runoff. 
Based on this model, the water balance equation, where each value is a volume over the entire drainage basin, is: 
Rainfall = Debris flow water content + Ash infiltration + Unburned soil infiltration + Overland flow (1) 
Each of these parameters is described in detail below.  For some less-constrained input variables, a range of values 
is given so that both high overland flow and low overland flow end members can be calculated. 
Rainfall is calculated as the total storm rainfall (measured in proximal rain gauges) multiplied by the drainage basin 
area. 
Debris-flow water content can be calculated under the assumption that a debris flow, by definition, contains 
approximately 20-40% water (Pierson and Costa 1987, Phillips and Davies 1991). If the material contains less than 
20% water, then it is a form of rigid mass wasting; if it is above 40% water, it is termed “hyper-concentrated flow” 
(Phillips and Davies, 1991). Therefore, for the data used in this study, water content of the debris flow is calculated as 
20% (high overland flow end member) or 40% (low overland flow end member) of the total volume of the debris-flow 
deposit. 
Ash infiltration is calculated as the product of ash porosity, ash thickness, and burned area within each basin.  While 
ash porosity has been measured as high as 67% (Woods and Balfour 2010) to 83% (Cerda and Doerr 2008), this is 
immediately post-wildfire, and the ash quickly compresses to a lower porosity.  We have used a range of 20-30% 
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porosity (representing high and low overland flow end members, respectively), which matches observations of other 
researchers and is close to and slightly larger than field capacity of 0.12-0.24 measured by Ebel (2013). 
Ash thickness of 10 mm was assumed, based on similar field thickness measurements by Kinner and Moody (2012) 
and Ebel et al. (2012).  The 10 mm assumption is also in agreement with the values used for controlled ash placement 
in test plots by Gabet and Sternberg (2008), Woods and Balfour (2010), and Bodi et al. (2011).  Ash may be thicker 
than 10 mm after wildfire in more heavily forested areas, such as the pine and juniper areas in Colorado and Utah, but 
the low tree density and patchy vegetation may result in a lower average thickness, so the assumption of 10 mm is 
considered reasonable. 
The ash infiltration calculation also assumes that ash is present over the entire burned portion of the basin, and ash 
is not present in the unburned portion.  There are possibly burned areas with insignificant ash thickness that are not 
accounted for in our calculation. 
Unburned soil infiltration is expected in unburned portions of the basin.  We estimated this infiltration using USDA 
Natural Resources Conservation Service (NRCS) runoff curves (USDA, 1986).  For this calculation, the following 
assumptions were made: 
• Antecedent Moisture Condition II (this is average soil moisture.  AMC I – dry soil – may apply directly following
the wildfire, but general conditions were assumed to better match with AMC II),
• Hydrologic Soil Groups B, C, and D (representing a range of soil types from fine to sandy textures and slow to
high infiltration rates), and
• Hydrologic Condition Poor to Fair (poor is <30% ground cover and fair is 30-70% ground cover).
For Colorado and Utah, these conditions produce a range of Runoff Curve Numbers, CN, from 71-93.  For 
California the CN range is 67-89.  Runoff Curve Numbers may be converted to potential maximum retention, S (in 
inches), with the equation (from Chow et al., 1988): 
S = 1000/CN – 10 (2) 
S may then be used to calculate expected runoff, Pe, with the equation (from Chow et al., 1988): 
Pe = (P – 0.2S)2 / (P + 0.8S) (3) 
Where P is cumulative rainfall in inches. 
While the range of S values (calculated from CN) is given for statewide location, the Pe values are calculated for 
each basin depending on the cumulative rainfall measured in that basin or in nearby rain gauges. 
Overland flow is calculated from Equation 1 as the difference in the measured rainfall and the calculated infiltration. 
A range of values is presented, with both low and high overland flow estimations. 
4. Results of water balance calculation
Figures 1 and 2 show the final water balance calculation for each basin, where each component (debris flow,
infiltration, and overland flow) is represented as a percentage of the total rainfall on the basin.  The Low Overland 
Flow Calculation (Figure 1) assumes the maximum infiltration values for both burned and unburned areas and assumes 
debris-flow water content of 40%.  The High Overland Flow Calculation (Figure 2) assumes minimum infiltration 
values and debris-flow water content of 20%. 
There is excess rainfall in the form of overland flow runoff for all basins except four in Figure 1 (Haflin, Basin 23, 
Root Creek, and Coal Seam G) and except for one in Figure 2 (Basin 23).  Most basins show a significant excess of 
water, with substantial overland flow.  The amount of overland flow is highest for the California basins (Janet Creek 
J3 through El Capitan II, which are shown on the right side of these graphs). 
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Fig. 1. Results of water balance calculation for Low Overland Flow assumptions. 
Fig. 2. Results of water balance calculation for High Overland Flow assumptions. 
The amount of water incorporated into the debris flows is much less than the amount available in each rainstorm. 
Assuming an average proportion of water in the debris flow (30%, which is mid-range of the low and high values of 
20% and 40% used in the calculation), only a median of 5.9% of the rainstorm water is incorporated into debris flows, 
with the remainder either infiltrating or exiting as overland flow.  This is 1/17th of the available water, and this small 
fraction verifies that the debris flows are not rainstorm volume limited.  The amount of water in debris flows is shown 
on Figure 3. 
5. Rainfall intensity limitations
While rainfall volume can be shown not to limit debris-flow occurrence, a dependence on rainfall intensity can also
be demonstrated.  Figure 4, from Friedman and Santi (this volume) and Friedman (2012), shows the close time 
proximity between rainfall intensity bursts (zones of increased slope on the rain gauge cumulative rainfall curves) and 
the pressure spikes recorded in the nearby pressure transducers.  In this study, pressure transducers were drilled into 
bedrock in the drainage channel to measure debris flows overriding them, and rain gauges were placed within tens of 
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meters of the pressure transducers (Basin 24) or were in adjacent canyons (Basin 16, located 1.1 km from the Basin 
32 pressure transducer).  These data show debris-flow response within a few minutes of rainfall intensity bursts. 
Similar short lag times have been measured by other researchers as well (e.g., Coe et al., 2008). 
Fig. 3. Histogram of percent of storm rainfall incorporated into debris flow for each watershed, assuming the debris flow is composed of 70% 
solids and 30% water.  In very few cases does the debris flow entrain more than 20% of the available water. 
Fig. 4. Example of short lag time between rainstorm intensity burst (zones of increased slope of the cumulative rainfall curves shown in blue on 
the bottom graphs) and debris-flow generation (spikes on the pressure transducers shown in blue on the upper graphs).  Note that the rain gauge 
for Basin 24 was located within meters of the pressure transducer, but the rain gauge in Basin 16 was located 1.1 km from the pressure transducer 
in Basin 32. 
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Rainfall intensity dependence for debris-flow initiation has also been well established through rainfall intensity-
duration threshold graphs, where local data can be used to construct thresholds dividing storms that produce debris 
flows from those that do not.  An example is shown on Figure 5, which summarizes the thresholds from numerous 
locations (with those from burned areas shown in color).  It is possible to have rainstorms that generate large amounts 
of total amounts of water (long duration storms) that do not have sufficient intensity to trigger debris flows. 
Fig. 5. Compilation of measured intensity-duration thresholds for debris-flow generation at various unburned (gray lines) and burned (colored 
lines) locations (from Cannon and DeGraff, 2009).  Burned areas have lower threshold storms to trigger debris flows, but for all cases it is 
possible to have long duration storms producing large cumulative rainfall that do not generate debris flows because of low rainfall intensity. 
6. Sediment supply independence
Three lines of evidence demonstrate that post-wildfire debris flows are not sediment supply limited.  The first is the 
multi-fold increase in volume of debris flows following wildfire.  Santi and Morandi (2012) compared the volumes of 
debris produced from a large dataset of western US debris flows, including 274 events from recently burned areas 
(within one year), 162 events from recovering basins (one to ten years after wildfire), and 216 events from areas that 
are unburned or fully recovered (ten years after wildfire).  They showed that the area yield rate (debris-flow volume 
divided by basin area) was doubled for burned areas.  When they used cluster analysis to subdivide the data into areas 
of similar basin size, channel length, and channel gradient, they showed that burned areas had an even higher difference 
in debris-flow volume, ranging from 2.7 to 5.4 times the volumes produced by unburned areas. 
The amount of sediment produced by these debris flows is substantial, and it has been shown that the majority of it 
comes from channel scour as water moves down-canyon.  Santi et al. (2008) measured incremental debris production 
from the channel and surrounding hillside for sections of the drainage channel extending from zero-order channels 
near the top of the drainage basin to the canyon mouth of the at the bottom of the basin.  An example of their data is 
shown on Figure 6.  Based on data from 46 debris flows, they showed that hillslope and rill erosion accounted for an 
average of only 3% of the final debris volume, but channel scour accounted for nearly the entire remainder of the 
volume.  Sediment in the channel accumulates through normal weathering and sedimentation processes, strongly 
supplemented during and after the fire by dry ravel (Swanson, 1981; Wells, 1987; Florsheim et al., 1991; Schmidt et 
al., 2011).  This produces a sediment-filled channel with ample material to be incorporated into a debris flow by 
channel scour.  In some cases, a debris flow may scour to bedrock, but at many locations sediment remains in the 
channel (Figure 7) and may be incorporated into subsequent flows.  Furthermore, post-debris flow channel banks are 
over-steepened from scour, and these banks frequently fail, recharging the sediment supply for future flows (Figure 
8). 
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Finally, multiple debris-flow events have been observed in the same canyon over short time frames indicating that 
the supply of sediment is not easily exhausted.  For example, Gartner, et al. (2004) provides a database of post-wildfire 
debris flow and flood events in the Western US, noting at least eight locations where repeated debris flows occur in 
the same drainage basin within days to months of each other.  Cannon and Gartner (2005) note that “basins with thin 
colluvial covers and minimal channel-fill deposits generally produce debris flows only in response to the first 
significant rainfall of the season.  Basins with thick channel-fill deposits … frequently produce numerous debris flows 
throughout the rainy season.” 
Fig. 6. Measurement of incremental debris production using multiple channel cross-sections (from Santi et al., 2008).  Channel yield rate, 
calculated as the volume of debris produced per unit channel length, is the slope of the graph at any point. 
Fig. 7. Channel scour from a debris flow, with remaining sediment that can be incorporated into successive debris flows. 
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Fig. 8. Failure of channel banks that have been over-steepened by recent debris-flow scour.  This process quickly adds new sediment to the 
channel that can be incorporated into successive debris flows (photograph by Rich Giraud, Utah Geological Survey). 
7. Conclusions
Using conservative assumptions for infiltration and debris-flow water content, there is excess water from rainfall
in nearly every analyzed drainage basin that produces significant overland flow runoff during debris-flow generating 
storms.  This means that for post-wildfire settings, at least in the Western US and perhaps other semi-arid mountainous 
or Mediterranean climates, debris flows are not rainfall volume limited.  The model for debris-flow generation then 
becomes a system where there is ample surface water flow both before and after the debris flow, and that the debris 
flow is triggered not by reaching a threshold total water volume or saturation, but by reaching a threshold rainfall 
intensity.  The limiting factor for triggering debris-flow behavior of the fluid runoff is the dynamics of the pulse of 
water and entrained sediment.  Furthermore, the supply of sediment in drainage channels is substantial, producing 
much larger debris flows than pre-fire, and the supply of sediment is capable of producing repeat events in the same 
channel, at least until vegetation recovers enough to temper the overland flow or until smaller rainstorms move 
sediment through the system by fluvial transport. 
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